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Increasing energy demand and various problems associated with fossil fuels such as
environmental pollution, global warming and diminishing petroleum reserves have greatly
stimulated production of fuels and chemicals from renewable sources. Lignocellulosic biomass
has been considered as one of the potential sources for a variety of fuels and industrial chemicals.
5-Hydroxymethylfurfural (HMF) has been identiﬁed as an excellent platform molecule because it
is a ﬂexible intermediate for the synthesis of bio-renewable fuels and materials. HMF can be easily
obtained from acid-catalyzed hydration of biomass-derived carbohydrates (hexoses) in various
media. HMF can be converted to energy products such as 2,5-bis(alkoxymethyl)furans (BAMFs),
monomers for high-value polymers such as 2,5-bis(hydroxymethyl)furan (BHMF), and valuable
intermediates for fine chemicals. Recently, magnetic nanoparticle based catalysts attracted more
attention due to their good stability and easy separation from the reaction mixture by a permanent
magnet. This unique magnetic separation property makes MNPs more effective than conventional
filtration or centrifugation as it prevents loss of the catalyst.
This dissertation work focuses on, firstly, studying the effectiveness of silica coated
magnetite (Fe3O4) nanoparticles MNPs supported with sulfonic acid groups (Fe3O4@SiO2-SO3H)

on the dehydration of glucose to HMF. Secondly, preparing a cost-effective catalytic transfer
hydrogenation system for the selective transformation of HMF into BHMF via MeerweinPonndorf-Verley (MPV) reaction over the copper iron magnetic catalyst supported on activated
carbon in ethanol solvent with the absence of molecular hydrogen. Thirdly, producing
alkoxymethylfurans (AMFs) which are considered a potential biofuels by using two-step
sequential reactions with cheap heterogeneous zinc-iron oxides magnetic nanocatalyst for the
hydrogenation of HMF to furfuryl alcohols in various alcohols solvents in the absence of molecular
hydrogen followed by solid Brønsted acid catalyst for the etherification reaction of furfuryl alcohol
derivatives. All prepared heterogeneous catalysts were characterized by FTIR, XRD, H2-TPR,
XPS, ICP-OES, HRTEM-EDX, and N2 adsorption-desorption isothermal analyses (BET and BJH)
and were tested for recyclability. The chemical products were identified by high performance
liquid chromatography (HPLC), gas chromatography-mass spectrometry (GC-MS), and products
quantities were calculated by using calibration curves of chemical standards. Various reaction
conditions such as reaction temperature, reaction time, catalyst amount, and alcohol type were
optimized.
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CHAPTER I
DEHYDRATION OF GLUCOSE TO 5-HYDROXYMETHYLFURFURAL BY A CORESHELL Fe3O4@SiO2-SO3H MAGNETIC NANOPARTICLE CATALYST *
1.1

Abstract
In this paper we discuss the potential use of a (Fe3O4@SiO2-SO3H) nanoparticle catalyst

for the dehydration of glucose into 5-hydroxymethylfurfural (HMF). A magnetically recoverable
(Fe3O4@SiO2-SO3H) nanoparticle catalyst was successfully prepared by supporting sulfonic acid
groups (SO3H) on the surface of silica-coated Fe3O4 nanoparticles. The prepared catalyst was
characterized by FTIR, TGA, XRD, HRTEM-EDX, and N2 adsorption-desorption isothermal
analyses. The catalyst’s surface acidity was determined by acid-base titration. Dehydration of
glucose was performed in a biphasic system made up of water and methylisobutylketone
(water/MIBK), and the effect of various reaction parameters affecting on the yield of HMF such
as biphasic system ratio, catalyst concentration, temperature, time, and dimethylsulfoxide (DMSO)
ratio were studied. Fe3O4@SiO2-SO3H catalyst disclosed a great catalytic activity for the formation
of HMF and glucose conversion. About 70 % yield of HMF and 98% glucose conversion were
obtained at the optimum reaction conditions (40% catalyst concentration, 140°C, 24 h and biphasic
system of 1:4 (water: MIBK) ratio). At the end of the reaction, the catalyst was easily removed
from the reaction mixture using a magnet and reused several times without high loss in catalytic
activity.
* I. Elsayed et al. Fuel, 221 (2018), pp. 407-416. https://doi.org/10.1016/j.fuel.2018.02.135.
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1.2

Introduction
Increasing energy demand and the existence of various problems associated with fossil

fuels such as environmental pollution, global warming and diminishing petroleum reserves have
greatly stimulated production of fuels and chemicals from renewable sources (Anbarasan et al.,
2012; Isahak, Hisham, Yarmo, & Yun Hin, 2012; Wilson & Lee, 2012). Lignocellulosic biomass
has been considered as one of the potential sources for a variety of fuels and industrial chemicals
(Isikgor & Becer, 2016; Somerville, Youngs, Taylor, Davis, & Long, 2010). 5Hydroxymethylfuran (HMF) has been identiﬁed as an excellent platform molecule because it is a
ﬂexible intermediate for the synthesis of bio-renewable fuels and materials (Mariscal, MairelesTorres, Ojeda, Sadaba, & Lopez Granados, 2016; Román-Leshkov, Chheda, & Dumesic, 2006).
HMF can be converted to energy products such as 5-ethoxymethylfurfural (Yin, Sun, Liu, &
Zhang, 2015), monomers for high-value polymers such as 2,5-furandicarboxylic acid (S. Xu et al.,
2017), 2,5-hydroxymethylfuran (Alamillo, Tucker, Chia, Pagan-Torres, & Dumesic, 2012), and
valuable intermediates for fine chemicals (Rosatella, Simeonov, Frade, & Afonso, 2011).
Therefore, extensive research about acid-catalyzed dehydration of carbohydrates to HMF has been
performed (Yi, Teong, & Zhang, 2015; Zehui Zhang, Wang, Xie, Liu, & Zhao, 2011; P. Zhou &
Zhang, 2016).
Current feedstock resources of HMF production mainly include cellulose, inulin, sucrose,
glucose and fructose (Chheda, Roman-Leshkov, & Dumesic, 2007). Some catalytic methods to
produce HMF from glucose were reported in aqueous or organic media along with application of
homogeneous and heterogeneous acids (I. Jiménez-Morales, Santamaría-González, JiménezLópez, & Maireles-Torres, 2014; Nasirudeen, Hailes, & Evans, 2017). The use of organic solvents
can provide many advantages and prohibit the formation of insoluble polymers and humins that
2

can result from polymerization of carbohydrate degradation products. Also, the use of organic
solvents can help to avoid the degradation of formed HMF into levulinic and formic acids as occurs
in pure aqueous medium (acidiﬁed water) (James et al., 2010). Dumesic and co-workers (PagánTorres, Wang, Gallo, Shanks, & Dumesic, 2012; Román-Leshkov et al., 2006) have developed the
use of biphasic reaction systems in which HMF formation can be enhanced in the aqueous phase
(water) and simultaneously extracted by the organic solvent (organic phase). The use of biphasic
systems solves the problem of further conversion of produced HMF into undesirable levulinic or
formic acid compounds through continuous extraction of furans into the organic phase. Biphasic
solvents can also enhance the stabilization and yields of HMF product. Although heterogeneous
catalysts are often recycled more easily than their homogeneous counterparts, the tedious recovery
procedure via ﬁltration or centrifugation and the inevitable loss of solid catalysts in the separation
process still limited their application particularly for the small particle size.
Recently, magnetic nanoparticles based catalysts attracted more attention due to their good
stability and easy separation from the reaction mixture by a permanent magnet (Amarjargal, Tijing,
Im, & Kim, 2013; X. Chen, Arruebo, & Yeung, 2013). The unique magnetic separation property
makes MNPs much more effective than conventional filtration or centrifugation as it prevents loss
of the catalyst. Several magnetic catalysts were successfully used for the conversion of biomass
into chemicals and liquid fuels (B. Liu & Zhang, 2016; Mei et al., 2015; Zehui Zhang & Deng,
2015). It has been demonstrated that the physical and chemical properties of the magnetic
nanoparticles depend greatly upon the synthesis route (Masala & Seshadri, 2005). To date, various
techniques and different chemical synthetic methods for preparing magnetite (Fe3O4) nanoparticles
(MNPs) already have been reported, such as co-precipitation, micro-emulsions, solvothermal
processing, and high-temperature organic phase decomposition (Cai & Wan, 2007; Hyeon, Lee,
3

Park, Chung, & Na, 2001; Sun et al., 2004). However, MNPs are readily aggregated due to their
electrostatic and magnetic attractions that can produce clusters. In order to prevent the aggregation,
the surface of MNPs can be modified with various kinds of materials, including polymers (Qiao,
Yang, & Gao, 2009), noble metals (Z. Xu, Hou, & Sun, 2007) and silica (Deng et al., 2009).
Among them, silica is considered to be one of the most promising candidates because it not only
protects MNPs from oxidation and agglomeration, but it is also compatible with various chemicals
and molecules for bio-conjugations due to its unique surface chemistry (Morel et al., 2008).
Currently, the Stöber method (Shuxian Wang, Tang, Zhao, Wan, & Chen, 2014) and
microemulsion method (Santra et al., 2001) are the most common approaches for silica coating.
Zehui et al. prepared silica-coated MNPs supported phosphotungstic acid catalyst for the synthesis
of 5-ethoxymethylfurfural from 5-hydroxymethylfurfural and fructose (Shuguo Wang, Zhang, Liu,
& Li, 2013). Zehui and his coworkers also used silica-coated MNPs supported sulfonic acid
(SO3H) catalyst successfully for the hydrolysis of cellulose in ionic liquids at low temperatures
70-100 C (Xiong, Zhang, Wang, Liu, & Lin, 2014). It is well known that strong acid catalysts
such as sulfuric or sulfonic acids can be used successfully for both hydrolysis and dehydration
reactions. Wang et al. successfully used sulfonic acid-functionalized mesoporous carbon catalyst
(OMC-SO3H) for efficient conversion of fructose into 5-hydroxymethylfurfural and 5ethoxymethylfurfural (J. Wang, Zhang, Jin, & Shen, 2017). However, no previous studies discuss
using silica coated MNPs supported sulfonic acid (SO3H) as catalyst for the dehydration of sugars
to furan derivatives. Due to the advantages of both magnetic nanoparticles acid catalysts and
biphasic system, the purpose of this research is to study the effectiveness of silica coated MNPs
supported with sulfonic acid groups (Fe3O4@SiO2-SO3H) on the dehydration of glucose to HMF.
For this purpose, this catalyst was prepared by immobilization of sulfonic groups (SO 3H) on the
4

surface of silica-coated magnetite (Fe3O4@SiO2) nanoparticles. The prepared catalyst was
characterized by FTIR, TGA, XRD, HRTEM-EDX, N2 adsorption-desorption analyses, and acid
base titration. The factors affecting on the yield of HMF such as time, temperature, solvent
composition, catalyst loads, and dimethylsulfoxide (DMSO) ratio were also studied.
1.3
1.3.1

Experimental
Materials
Ferric chloride hexahydrate (≥99%), 1-octadecene (technical grade 90%), polyoxyethylene

(5) nonylphenylether (Igepal CO-520), tetraethyl orthosilicate (TEOS, reagent grade 98%), Oleic
acid (technical grade 90%), chlorosulfonic acid (99%), formic acid (reagent grade ≥95%), 5hydroxymethylfurfural (HMF, 99%), anhydrous hexane (95%) and anhydrous sodium hydroxide
(pellets ≥99%) were purchased from Sigma-Aldrich. Dimethyl sulfoxide (DMSO, 99.5%),
cyclohexane, ammonium hydroxide (reagent grade 29% by weight), ethanol and methanol were
purchased from Fisher Scientific. Methyl isobutyl ketone (MIBK 99.5%), heptane, acetonitrile for
HPLC and sulfuric acid (extra pure 96%) were purchased from Acros. D-glucose (≥99%), fructose,
and levulinic acid were obtained from Alfa Aesar. High purity water (17.8 megohm-cm) was
purified through Thermo Scientific E-pure Water purification system. All chemicals were used asreceived without further puriﬁcation.
1.3.2
1.3.2.1

Preparation of the catalyst
Preparation of Fe3O4 nanoparticles
Fe3O4 NPs were synthesized according to the method described by Park et al. (Jongnam

Park et al., 2004). In a typical preparation procedure, 10.8 g of ferric chloride hexahydrate were
dissolved in a solvent mixture composed of 120 mL deionized water, 160 mL ethanol, and 280 mL
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hexane. Then 38 mL oleic acid were added to the previously prepared solution and stirred at room
temperature for 30 min. 4.8 g sodium hydroxide were added to the resulting solution and stirred in
a closed reactor at 70 oC for 4 h. By using a separating funnel, the formed solution was separated
into two different layers. The upper organic layer containing ferric oleate complex was collected
and washed three times with deionized water. After washing, hexane was evaporated off overnight
at 80 ºC. The sticky ferric oleate precursor was dispersed in 6.4 mL of oleic acid and 250 mL of 1octadecene. The mixture was degassed with helium for 30 min at room temperature. The reactants
were kept at 100 ºC for one hour to remove the residual solvents before heating up to 320 ºC, then,
the temperature was kept at 320 ºC for 2.5 hours under helium ﬂow. The solution was cooled to
room temperature and precipitated by addition of excess ethanol, the precipitate was collected by
centrifugation and the supernatant decanted. The isolated solid Fe3O4 NPs was re-dispersed in
heptane and then precipitated with ethanol. The precipitation and re-dispersion process was
repeated several times to purify the prepared iron oxide NPs and then dried overnight via vacuum
drying.
1.3.2.2

Preparation of Fe3O4@SiO2 nanoparticles
Fe3O4@SiO2 core−shell nanoparticles were prepared by using a reverse microemulsion

method. 100 g of Igepal CO-520 was dispersed in 200 mL of cyclohexane and sonicated for 15
min. Then, 0.5 g of Fe3O4 nanoparticles was added to the above solution with continuous stirring.
Thereafter, 80 mL of ammonium hydroxide were added to the above mixture solution. Finally,
112 mL of tetraethyl orthosilicate were added via three fractionation drop systems with mechanical
stirring. The resulting Fe3O4@SiO2 core−shell nanoparticles were separated by centrifugation and
collected by a permanent magnet, and rinsed repeatedly with deionized water until the filtrate was
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no longer alkaline. Lastly, Fe3O4@SiO2 nanoparticles were washed with ethanol three times and
dried overnight (12 h) via vacuum drying.
1.3.2.3

Preparation of Fe3O4@SiO2-SO3H nanoparticles
The magnetic acid catalyst (Fe3O4@SiO2-SO3H) was prepared in a similar way that was

used for the preparation of silica supported sulfonic acids (Zolfigol, 2001). Typically, 0.45 g of
Fe3O4@SiO2 were charged into a 500 mL Büchner ﬂask, which was equipped with a constant
pressure dropping funnel and a gas inlet tube for conducting of HCl gas over an adsorbing solution
of NaOH. Then, chlorosulfonic acid (0.1745 g mol) was added dropwise over a period of 30 min
at room temperature. After the addition was completed, the resulting mixture was shaken for 30
min. Then the catalyst Fe3O4@SiO2-SO3H was washed successively with ethanol, and dried
overnight via vacuum drying.
1.3.3

Catalyst characterization
X-ray diffraction (XRD) patterns were recorded with RINT Ultima III XRD (Rigaku Corp.,

Japan) operating with CuKα1 radiation (λ= 1.54 Å) at 40KV 44mA. Samples were ground and
measured on deepened glass sample holders. High resolution transmission electron microscope
equipped with an energy dispersive X-ray spectroscopy (HRTEM/EDX) images were obtained
using JEOL 2100 TEM with LaB6 emitter operated at 200KV. Samples were grounded and
dispersed in ethanol and a drop of this suspension deposited on a 300 mesh Formvar carbon
coated Cu grid and allowed to dry overnight before Imaging. The Fourier Transform Infrared
(FTIR) spectroscopy performed by Thermo Scientific Nicolet iS50 FTIR spectrometer in the range
of 500-4000 cm-1. Thermal gravimetric analysis (TGA) was determined by using Thermo
Scientific SDT Q600 series Thermogravimetric Analyzer (TA instrument) and all sample runs
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were performed at heating rate 10 ºC/min from 25 ºC to 550 ºC under nitrogen atmosphere at flow
rate 100 mL/min. Surface areas and pore volumes of Fe3O4, Fe3O4@SiO2, and Fe3O4@SiO2-SO3H
nanoparticles were determined by adsorption-desorption isotherms of nitrogen at −196 °C by a
Quantachrome Autosorb iQ gas sorption analyzer (Quantachrome, USA). Prior to undergoing gas
adsorption measurements, specimens were degassed at 105 °C under a vacuum for a period of 3 h.
The apparent surface area of nanoparticles was calculated by the BET method. The total pore
volume was determined by converting nitrogen gas adsorbed at a relative pressure of 0.99 to the
volume of liquid adsorbate (nitrogen).
1.3.4

Catalyst titration
Acid-base titrations were used to measure the acidity of both fresh and spent Fe3O4@SiO2-

SO3H acid catalysts. 0.01 g of each catalyst was suspended in 30 mL water/ethanol (2:1) by using
mechanical stirrer and titrated against 0.01 M NaOH solution. The pH of the solution was
measured by Thermo Scientific Orion 4 Star plus Ph/ISE Benchtop Multiparameter Meter.
1.3.5

Biphasic conversion of glucose to HMF
Conversion experiments were performed in a 70 mL stainless steel reactor. Biphasic

solution consisting of 5 mL of 10% aqueous glucose solution with 15, 20 or 25 mL of MIBK, and
Fe3O4@SiO2-SO3H catalyst (20–75%) were placed in the reactor and mixed together. The
percentage of the catalyst in each run was calculated based on the volume of glucose solution in
the biphasic system (5 mL). The reactor was then immersed in a preheated oil bath connected with
temperature controller and heater, this time was considered to be the starting reaction time.
Conversion experiments were performed at four different temperatures (110, 120, 130, and 140
C) and different reaction times (6, 12, 18, 24, 30, and 36 h). Experiments with optimum conditions
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were repeated by adding dimethyl sulfoxide (DMSO) to the aqueous glucose/MIBK biphasic
system. The total volume of aqueous glucose solution and DMSO was kept constant (5 mL) for
each composition and the ratios of aqueous glucose solution to DMSO was 8:2, 7:3, 6:4, 5:5 and
4:6. After each run, the biphasic solution was ﬁltered with Whatman 42 ﬁlter paper to separate any
solid particles from the solution. The ﬁltered biphasic solution was poured into a measuring
cylinder to determine the volume of both organic and aqueous layers. The two layers were
separated by using separating funnel, and filtered again with 0.2 µl syringe nylon membrane
(Millex-GN). HMF was detected in both organic and aqueous layer by HPLC.
1.3.6

Analysis of glucose and HMF
Both aqueous and organic ﬁltrates were analyzed by 1100 Agilent High Performance

Liquid Chromatography (HPLC) equipped with ZORBAX eclipse plus C18 (5 µm, 4.6 × 150 mm)
column and UV detector. During this process, the column temperature remained constant at 30 C,
and the mobile phase was methanol–water (1:5 v/v acidiﬁed by 5% acetic acid) at ﬂow rate of 1
mL/min with UV detection at 282 nm. 10 µL of each sample was injected and the concentration
of HMF was calculated based on standard calibration curve obtained with standard prepared
solutions of HMF. The concentration of unreacted glucose and formed fructose were analyzed by
high performance liquid chromatography (HPLC) using Agilent 1200 instrument equipped with a
refractive index detector and Bio-Rad Aminex HPX-87H ion Exclusion Column (7.8 mm × 300
mm) at 60 C. The sample was analyzed with 0.005 mol/L sulfuric acid as eluent at flow rate of
0.6 mL/min for 35 min.
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1.3.7

Catalyst recycling
After reaction, Fe3O4@SiO2-SO3H catalyst was removed from the reaction mixture using

a permanent magnet. Then the catalyst was washed carefully with 25 mL of ethanol/water to
remove any traces from MIBK and dried at 105 C in a vacuum oven overnight. The conversion
experiments using the recycled catalyst were performed at the optimum experimental conditions.
1.3.8

Calculations
HMF yield and glucose conversion were calculated by the following equations:

𝑌𝑖𝑒𝑙𝑑 % =

[HMF]aq×[V]aq+[HMF]org×[V]org

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 % =

[glucose]feed ×[V] feed

180

× 126 × 100

[glucose]feed ×[V]feed−[glucose]aq ×[V]aq
[glucose]feed ×[V]feed

× 100

(1.1)

(1.2)

Where “feed”, ”aq” and “org” are representing the initial phase, aqueous phase and organic
phase, respectively; [glucose] and [HMF] were the finial concentration of sugar and HMF in
solution, respectively, [V] Volume of solution, and “180” and “126” are the molecular weights
for glucose and HMF, respectively.
1.4
1.4.1

Results and Discussion
Catalyst characterization
FTIR analysis is an important tool to identify the functionalization and coating layers on

the surface of the magnetite nanoparticles. Figure 1.1 shows FTIR spectra for the prepared
magnetite nanoparticles Fe3O4, Fe3O4@SiO2 and Fe3O4@SiO2-SO3H. In the FTIR spectra of
Fe3O4, the two absorption bands at 2903 and 2840 cm-1 are attributed to the asymmetric and
10

symmetric CH2 stretching of the trace amounts of organic solvent. The absorption band at 547 cm
-1

corresponds to Fe-O bending vibrations (Cai & Wan, 2007; S. Wang et al., 2014; Shuguo Wang

et al., 2013; Xiong et al., 2014). FTIR spectra of Fe3O4@SiO2 nanoparticles show two weak
absorption bands at 3354 and 1609 cm-1 due to the O-H stretching and bending vibrations of the
adsorbed water on silica surface. The broad high-intensity band at 1060 cm-1 can be attributed to
Si–O–Si asymmetric stretching vibrations. The band at 795 cm-1 was assigned to Si–O–Si
symmetric stretching vibration of the rocking mode of Si–O–Si. The sharp band at 430 cm-1
represents an extra evidence for Si–O–Si or O–Si–O bending vibrations mode. The presence of SiOH symmetric stretching vibration was also confirmed by the absorption band at 950 cm−1. FTIR
spectra of Fe3O4@SiO2-SO3H nanoparticles show two characteristic adsorption bands at 3354 and
1609 cm-1 related to the O-H stretching and bending vibrations of SO-H bond of the sulfonic acid
group (SO3H). The FTIR absorption range of the O=S=O asymmetric and symmetric stretching
modes were observed at 1175 and 1051 cm-1 and located at the same vibration band of Si–O–Si
group (Alemi-Tameh, Safaei-Ghomi, Mahmoudi-Hashemi, & Teymuri, 2016). The S–O stretching
vibration was observed at 579 cm-1. FTIR spectra clearly indicated that the surface of Fe3O4@SiO2
was successfully functionalized with sulfonic acid groups.

11

Fe3O4

Transmittance (a.u)

Fe3O4@SiO2
Fe3O4@SiO2-SO3H

4000

3500

3000

2500

2000

1500

1000

500

-1

Wavenumber (cm )

Figure 1.1

FTIR spectra of magnetite nanoparticles Fe3O4, Fe3O4@SiO2 and Fe3O4@SiO2SO3H.

The presence of SiO2 and SiO2-SO3H layers on the surface of the magnetite (Fe3O4)
nanoparticles was confirmed by TGA/DTA measurements. Figure 1.2 shows the different stages
of weight loss for Fe3O4, Fe3O4@SiO2 and Fe3O4@SiO2-SO3H nanoparticles from room
temperature to 600 C. Fe3O4@SiO2-SO3H catalyst shows four steps of weight loss in the
following temperature ranges: 25-120 C, 120-320 C, 320-490 C and more than 490 C. In the
TGA curve of magnetite (Fe3O4) nanoparticle, the decreasing in weight (1.8%) from room
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temperature to 120 C was caused by the removal of adsorbed water and any traces organic
solvents from the sample (Rodulfo-Baechler et al., 2004).
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Figure 1.2

TGA curves of a) Fe3O4, b) Fe3O4@ SiO2, and c) Fe3O4@ SiO2-SO3H nanoparticles
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Figure 1.2 (continued)
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Figure 1.2 (continued)

The second weight reduction (3.5%) in the range from 120–320 C may be attributed to
the evaporation and subsequent decomposition of SO3H groups as SO3 gas (Naeimi & Nazifi,
2013; Safari & Zarnegar, 2013). Other studies (Mahdavi et al., 2013; Sahoo et al., 2001; Shi-Yong
Zhao, 2006), suggested that the weight reduction in the prior range was corresponded to the
removal of free oleic acid from Fe3O4 nanoparticles. In fact, we disagree with the above suggestion
because Fe3O4 magnetite nanoparticles were prepared by thermal decomposition at higher
temperature (320 C) for the long period of time of 2.5 h. The magnetite nanoparticles preparation

15

temperature was much higher than the decomposition temperature of oleic acid (b.p., 194–195
C/1.2 mmHg).
In addition, FTIR spectra of magnetite (Fe3O4) nanoparticles agrees with our explanation
because there is no peak at 1710 cm-1 belonging to the carboxylic group of oleic acid. The third
weight loss (8.7%) in the range from 320–490 °C was resulted from the decomposition of silica
shell (Naeimi & Nazifi, 2013). The weight drop after 570 °C is likely due to the phase transition
from Fe3O4 to FeO. The phase diagram of the Fe-O system indicates that FeO is the most stable
species at temperatures above 570° (Shi-Yong Zhao, 2006). The general shapes and percentage of
weight losses for magnetite and SiO2 coated magnetite are very similar indicating that the silica
coated film is thermally stable. The percentages of weight loss for SiO2 coated magnetite at ranges
25–120 and 120–490 were 4.3% and 17.7%, respectively, and the residual mass was 78.0% at 600
o

C.
The morphological structure for the synthesized Fe3O4@SiO2-SO3H nanoparticles was

characterized by HRTEM. The elemental analysis was performed by EDX equipped with TEM.
The presence of silicon and sulfur peaks in the quantitative EDX analyses of both fresh and spent
Fe3O4@SiO2-SO3H catalysts indicate successful functionalization for SiO2 and –SO3H groups on
the surface of Fe3O4 core-shell (Figures 1.3a and 1.3b). HRTEM images of both fresh and spent
Fe3O4@SiO2-SO3H catalysts clearly confirm the presence of the (SiO2) and (SO3H) group coated
layers on the surface of the catalyst (Figures 1.3c and 1.3d). The outer, coated layer of the spent
catalyst appears to be rougher than that in the fresh catalyst and this may be related to the partial
leaching of SO3H group. Figures 1.3a and 1.3b clearly indicate that about 22% of the sulfur was
leached from the spent catalyst after five runs.
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Figure 1.3

(a) EDX of fresh Fe3O4@SiO2-SO3H, (b) EDX of spent Fe3O4@SiO2-SO3H, (c)
HRTEM of fresh Fe3O4@SiO2-SO3H, and (d) HRTEM of spent Fe3O4@SiO2-SO3H
catalyst (after 5 runs).

The acidity of both fresh and spent Fe3O4@SiO2-SO3H catalyst after five runs was
determined by acid-base titration method as shown in figure 1.4. This method is based on the
changing of pH value with increasing the amount of NaOH standard solution. The initial pH values
of fresh and spent Fe3O4@SiO2-SO3H catalysts were 3.6 and 4.2, respectively. Furthermore, the
number of H+ sites in fresh and spent Fe3O4@SiO2-SO3H catalysts were determined to be about
2.5 and 2.25 mmol/g, respectively. This result confirms the deactivation and partial leaching of the
SO3H group from the surface of the spent catalyst as indicated in figure 1.3a and 1.3b.
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Figure 1.4

Acid-base titration curves of fresh and spent Fe3O4@SiO2-SO3H catalyst after 5
runs.

Generally, XRD can be used to characterize the crystallinity of a nanoparticle and it gives
the average diameters for all nanoparticles. The XRD patterns of the Fe3O4 and Fe3O4@SiO2SO3H are shown in Figure 1.5. A series of characteristic peaks were observed in the XRD pattern
at 2θ of 30.2°, 35.6°, 43.2°, 53.9°, 57.3°, 62.9° and 74.7° 2θ corresponding to the diffractions of
[220], [311], [400], [422], [511], [440] and [522] crystal planes of a cubic spinel unit cell which
match well with the standard Fe3O4 pattern (J. Park et al., 2004). The peak broadening of XRD
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pattern indicates the significantly small size of the resulting crystallites. According to the peak
widths, the average crystallite size of Fe3O4 nanoparticles was estimated using Scherrer’s formula
to be 12.9 nm, this result is in good agreement with the value 13.3 nm of the mean particle sizes
determined by TEM images. There are no peaks for any other phases that were observed in the
XRD patterns which indicate high purity of the product. The black color of the powder further
verifies that it is mainly in the magnetite phase and not maghemite (brown) of the same spinel
structure. All the previous characterization techniques (FTIR, TGA, HRTEM-EDX and acid
titration) confirmed the presence of SiO2-SO3H layers on the surface of the magnetite (Fe3O4)
nanoparticles. However, XRD didn’t show any remarkable diffraction peaks for SiO2-SO3H layers;
because, the diffraction patterns for both Fe3O4 and Fe3O4@SiO2-SO3H are exactly the same. This
result suggests the presence of SiO2-SO3H amorphous shells on the surface of Fe3O4 core are too
thin to be measured using XRD (Ding et al., 2012; S. Wang et al., 2014).
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Figure 1.5

XRD patterns of the Fe3O4 and Fe3O4@SiO2-SO3H

To get a clear view of the surface area and porous nature of the prepared magnetic
nanoparticles, a nitrogen adsorption-desorption isotherm was used to determine the catalyst texture
structure. As shown in figure 1.6a, the isothermal of Fe3O4@SiO2-SO3H behaved as a typical type
IV adsorption isotherm indicating a mesoporous structure for the catalyst. BJH values of surface
area, pore size, and pore radius are presented in Figure 1.6b. Results indicated that our targeted
prepared magnetic nanocatalyst (Fe3O4@SiO2-SO3H) possessed surface area (106.8 m2/g)
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comparable to the previously reported value (93.3 m2/g) for the same catalyst (J. Li, Zhao, Hou,
Fa, & Cai, 2017). The prepared catalyst also possessed an average pore size of (3.7 nm) and pore
volume of (0.474 cc/g).

Adsorption
Desorption

(a)
300

3

Quantity adsorbed (cm /g STP)

350

250

200

150

100

50

0

0.0

0.2

0.4

0.6

0.8

1.0

Relative pressure (P/P )
0

Figure 1.6

Nitrogen adsorption-desorption isotherms at -196 C (a), and the corresponding
average pore size distribution of Fe3O4@SiO2-SO3H nanoparticles (b).
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1.4.2

Isomerization and dehydration mechanism of glucose
It is generally accepted that glucose isomerization to fructose, and fructose dehydration to

HMF require the presence of both Brönsted and Lewis acid sites (Choudhary et al., 2013; MorenoRecio, Santamaría-González, & Maireles-Torres, 2016). Scheme 1.1 shows the proposed reaction
mechanism for the formation of HMF via isomerization and dehydration of glucose (Dumesic,
Pagán-Torres, Wang, & Shanks, 2014).
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Scheme 1.1

Detailed mechanism for the isomerization and dehydration of glucose into HMF

The presence of fructose in the aqueous phase as shown in the supplementary figure (1.15)
indicating that the mechanism of the reaction proceeded through the isomerization of glucose to
fructose. The partial agglomeration of Fe3O4 magnetite nanoparticles due to its strong magnetism,
even in the presence of dispersing agent, prevent 100% coating of Fe3O4 with silica and
consequently SO3H groups. At higher temperatures, some of the agglomerated Fe3O4 particles
(partially coated) can be separated from each other and the uncoated parts acting as Lewis acid to
initiate isomerization of glucose to fructose. Sulfonic acid (SO3H) group on the surface of
Fe3O4@SiO2-SO3H catalyst acts as Brönsted acid to dehydrate fructose into HMF.
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1.4.3

Effect of MIBK ratio on glucose dehydration process
Recently, the dehydration of carbohydrates into HMF by heterogeneous catalyst was

performed in a water/MIBK (Abou-Yousef & Hassan, 2014), water/butanol (Jiang, Huang, Qi, Su,
& He, 2012) or water/butanone biphasic systems. Water/MIBK biphasic system significantly gave
higher yield and selectivity than water/butanol and water/butanone biphasic systems. According
to the literature [33], MIBK is a good solvent that could suppress unwanted side reactions in
glucose dehydration in water using acid catalysts, and could extract more HMF into organic phase
with good partitioning of HMF compared to other solvents. So, MIBK and water biphasic system
was used in this study to evaluate the catalytic activity of Fe3O4@SiO2-SO3H catalyst. The
reactivity of glucose towards dehydrations was tested in three different ratios of water/MIBK
biphasic system (1:3, 1:4, and 1:5) in presence of Fe3O4@SiO2-SO3H catalyst. Figure 1.7 shows
the influence of water/MIBK ratio on the yield and conversion of HMF. As shown in the figure,
the yield of HMF slightly increased from 69.6% at (1:3) ratio to 70.5% at (1:4) ratio. Further
increase in the water/MIBK ratio to (1:5) did not improve the yield of HMF. At the same time,
changing water/MIBK ratio did not show any significant effect on the conversion percentage of
HMF. Accordingly, water/MIBK ratio of (1:4) was chosen as the optimum ratio in this biphasic
system for the rest of experiments.
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1.4.4
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Effect of water/MIBK ratio on HMF yield and glucose conversion (time = 24 h min;
temperature= 140 C; catalyst concentration= 40%)

Effect of catalyst concentration on glucose dehydration process
Concentration and nature of a catalyst play an important role on the dehydration reactions

of sugars to furan derivatives (McNeff, Nowlan, McNeff, Yan, & Fedie, 2010). Several previous
studies used high concentration of catalyst at different reaction times and temperatures to achieve
high HMF yield. For example, Jiang et al. (Jiang et al., 2012) used about 177% of formic acid
catalyst (170 C and 60 min) to produce 68.3% of HMF from fructose in aqueous/butanol media.
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Morales et al. (Ignacio Jiménez-Morales, Moreno-Recio, Santamaría-González, Maireles-Torres,
& Jiménez-López, 2015) used 30 wt.% of the 10Al-MCM catalyst with respect to glucose to
achieve 87% of glucose conversion and 36% of HMF yield at 195 °C and 150 min in a biphasic
water/MIBK system. Wang et al. (Shuguo Wang et al., 2013) used 83.3 % silica-coated MNPs
supported phosphotungstic acid catalyst to achieve 64 % yield of 5-ethoxymethylfurfural (EMF)
for 9 h at 120 °C and 83.6 % EMF yield for 11 h at 100 °C from fructose in ethanol.
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Figure 1.8

Effect of catalyst concentration on HMF yield and glucose conversion (water/MIBK
= 1:4; time = 24 h; temperature= 140 C).
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In this study, we aimed to determine the lowest catalyst concentration that can give the
highest yield of HMF at the highest thermally stable catalyst temperatures (below 150 ºC). Figure
1.8 shows the effect of Fe3O4@SiO2-SO3H catalyst concentration on glucose conversion and HMF
yield in (1:4) water/MIBK biphasic system at 140 C temperature for 24 h. As shown on Figure
1.8, the catalyst concentration had a pronounced effect on the yield of HMF. At 0% catalyst
concentration, the yield of HMF was obviously low (16.0%) with 55.3% glucose conversion. The
yield of HMF increased to 58.9% at 20% catalyst concentration, then slightly increased to 68.1%
and 70.5% at 30 and 40% catalyst concentration, respectively. A further increase in catalyst
concentration to 75% resulted in an obvious decrease in the yield of HMF to 60.9% due to the
decomposition of HMF to levulinic and formic acids by the acidic active sites on the catalyst
surface. On the other hand, glucose conversion increased with the increase of catalyst
concentration from 20 to 75%. High glucose conversion at high catalyst concentration may be
attributed to the formation of undesirable byproducts and humins at high catalyst concentration
(Jiang et al., 2012). Therefore, the usage of 40% catalyst was selected as an optimum catalyst
concentration for the next experiment. This catalyst concentration is considered to be considerably
lower compared with the concentration of catalyst previously used to achieve comparable HMF
yield. This result indicates high selectivity for the prepared catalyst towards the production of
HMF.
1.4.5

Effect of reaction time and temperature on glucose dehydration process
Time and temperature are two important parameters affecting the yield of HMF. Applying

higher temperature or longer reaction time can lead to a series of undesirable degradation
byproducts (Román-Leshkov et al., 2006). According to previous studies, there is an inversely
proportional relationship between time and temperature. Applying low reaction temperature is
27

usually associated with prolonged reaction time and vice versa. In this study, we tried to optimize
the production of HMF at relatively low temperatures (110-140 C) and longer reaction time (636 h). Figure 1.9 illustrates the effect of reaction time on the yield of HMF and glucose conversion;
experiments were performed in (1:4) water/MIBK biphasic system at 140 C and 40% catalyst
concentration.
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Figure 1.9

Effect of time on HMF yield and glucose conversion (water/MIBK = 1:4; catalyst
concentration= 40%; temperature= 140 C).
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Effect of reaction temperature on HMF yield and glucose conversion (water/MIBK
= 1:4; catalyst concentration= 40%; time= 24 h).

As shown in Fig. 1.9, the conversion of glucose gradually increased from 72.3% to 98.0%
with increasing time from 6 to 24 h then slightly increased to 99.2% at 36 h. The yield of HMF
passed through three different stages. First, a sharp increase in the yield from (20.5 to 67%)
between (6-18 h); then a slow increase in the yield until a maximum was reached (70.5%) at 24 h
followed by a rapid decrease in the yield (42%) at 36 h. The drop in the yield of HMF after 36 h
can be attributed to the decomposition of HMF to levulinic and formic acids under the given
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reaction conditions (Román-Leshkov et al., 2006). So, the optimum reaction time for the following
experiments was chosen to be 24 h.
Figure 1.10 shows the influence of reaction temperature on the yield of HMF and glucose
conversion. It is clear from the figure that the increasing of temperature from 110 to 130 C had a
significant effect on both HMF yield and glucose conversion. The yield of HMF increased from
26.4 to 62.8% and the glucose conversion also increased from 71.5 to 92.2%. Increasing reaction
temperature to 140 C slightly improved the yield of HMF and glucose conversion to 70.5 and to
98%, respectively. It is obvious that any further increase in the temperature higher than 140 C
might lead to a further increase in the yield of HMF. However, because the prepared catalyst is not
thermally stable above 155 ºC as concluded from TGA results, therefore, 140 C was considered
to be the optimum reaction temperature for this system.
1.4.6

Effect of DMSO on glucose dehydration process
The influence of phase modifiers in aprotic solvents such as DMSO in promoting the

efficient production of HMF from carbohydrates was investigated in several previous studies
(Abou-Yousef & Hassan, 2014; Amarasekara, Williams, & Ebede, 2008; Román-Leshkov et al.,
2006). The effect of a DMSO addition was recognized by suppressing the formation of
condensation byproducts and hydration of furans produced in the reaction medium by lowering
the water concentration in the aqueous phase. As a result, DMSO was added in this study to the
aqueous phase to improve HMF yield and glucose conversion. Conversion experiments were
performed at the optimum conditions previously determined (140 oC, 24 h and 40% catalyst
concentration). Figure 1.11 shows the effect of DMSO addition on HMF yield and glucose
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conversion, it is clear from the figure that addition of DMSO to the aqueous phase negatively
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Figure 1.11

Effect of DMSO addition on HMF yield and glucose conversion (water/MIBK =
1:4, catalyst concentration= 40%, time= 24 h, temperature = 140 °C).

This result seems to disagree with the previous studies which indicated the positive effect
of DMSO in suppressing the hydration of HMF into levulinic and formic acids (Amarasekara et
al., 2008). In general, the positive effect of DMSO in suppressing the hydration reactions was
obvious in relatively moderate strength acids such as formic acid (Abou-Yousef & Hassan, 2014).
31

In addition, DMSO itself can act as catalyst for dehydration of glucose to form HMF (Amarasekara
et al., 2008). Presence of DMSO with the strong catalyst can increase the hydration of HMF as
well. Therefore, the low yield of HMF in the presence of DMSO may be attributed to the high
hydration strength of Fe3O4@SiO2-SO3H catalyst and this minimized the effect of DMSO in
suppressing the hydration process. This result suggests that the effect of DMSO in suppressing
hydration reactions and increasing the yield of HMF is not remarkable in the presence of a very
strong catalyst such as Fe3O4@SiO2-SO3H.
1.4.7

Catalyst reusability
The durability of the targeted magnetic nanoparticle catalyst was examined. Five recycling

tests of Fe3O4@SiO2-SO3H catalyst at the optimum condition were performed. As shown in Figure
1.12, the catalyst was stable for five runs without the loss of its catalytic activity. Clearly, the
calculated yield of HMF reduced from 70.5 to 60.4 after five runs. The decrease in the HMF yield
is attributed to two effects. The adsorption and accumulation of some oligomeric products on the
sulfonic acid sites inside the pores of the catalyst leading to a substantial decrease in the catalyst
reactivity (D. Chen et al., 2016; Siril, Davison, Randhawa, & Brown, 2007). It also may be related
to the partial loss of SO3H group from the surface of the spent catalyst as confirmed EDX analysis
(Figure 1.3) and acid-base titration curve (Figure 1.4). The decrease in conversion (14.3%) is
similar to the loss of sulfur (22%). The spent catalyst was used for the next run under the same
reaction conditions. Each run was performed after washing and drying the catalyst.
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1.5

Reusability test of the Fe3O4@SiO2-SO3H catalyst for the dehydration reaction of
glucose (water/MIBK = 1:4; catalyst concentration= 40%; time= 24 h, temperature=
140 C).

Conclusion
A core-shell Fe3O4@SiO2-SO3H nanoparticle acid catalyst was successfully synthesized

for dehydration of glucose to form HMF. The ability of this catalyst to act as Lewis and Brönsted
acid represents new insight for the future application of this catalyst. The prepared catalyst showed
a high catalytic activity for increasing glucose conversion and HMF yield. High HMF yield and
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glucose conversion were achieved by the application of (water/MIBK) biphasic system with
Fe3O4@SiO2-SO3H as a catalyst. In this process, the addition of the catalyst and extracting phase
(MIBK) increased the dehydration reaction efficiency of glucose and the HMF yield by limiting
the HMF hydration side reaction and removing HMF from the reactive aqueous medium. The
process variables, including catalyst concentration, reaction temperature and reaction time, had
significant effects on glucose conversion and HMF yield. The optimum reaction conditions were
found to be 40% catalyst concentration, 140°C, 24 h, and the use of a biphasic system (water:
MIBK) ratio of 1:4. Under such conditions, a glucose conversion of 98% with a HMF yield of
70.5% was achieved. The usage of 40% catalyst is considered to be very low compared with the
concentration of catalyst previously used to achieve comparable HMF yield. The effect of DMSO
in suppressing hydration reactions and increasing the yield of HMF was not remarkable in this
study due to the presence of a very strong Fe3O4@SiO2-SO3H catalyst.
1.6

Supplementary Information
HPLC chromatograms of both organic and aqueous layers of glucose dehydration

reaction.
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Figure 1.13

HPLC chromatogram for the organic layer of glucose dehydration reaction using
Fe3O4@SiO2-SO3H catalyst at the optimum experimental conditions (water/MIBK
= 1:4; catalyst concentration= 40%; time= 24 h, temperature= 140 C).

Analysis condition:
Equipment
Column
Eluent
Flow rate
Detector
Temperature
Sample size

Agilent 1100
ZORBAX eclipse plus C18 (5 µm, 4.6 × 150 mm)
Methanol–water (1:5 v/v acidiﬁed by 5% acetic acid)
1.0 mL/min
VWD @ 282 nm
30 C
10 µL

35

1600

HMF

VWD1 A, Wavelength=282 nm

1400

Wavelength (mAU)

1200
1000
800
600
400
200
0
-200
0.0

2.5

5.0

7.5

10.0

12.5

Retention time (min)

Figure 1.14

HPLC chromatogram for the aqueous layer of glucose dehydration reaction using
Fe3O4@SiO2-SO3H catalyst at the optimum experimental conditions (water/MIBK
= 1:4; catalyst concentration= 40%; time= 24 h, temperature= 140 C).

Analysis condition:
Equipment
Column
Eluent
Flow rate
Detector
Temperature
Sample size

Agilent 1100
ZORBAX eclipse plus C18 (5 µm, 4.6 × 150 mm)
Methanol–water (1:5 v/v acidiﬁed by 5% acetic acid)
1.0 mL/min
VWD @ 282 nm
30 C
10 µL
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Figure 1.15

HPLC chromatogram for the aqueous layer of glucose dehydration reaction using
Fe3O4@SiO2-SO3H catalyst at the optimum experimental conditions (water/MIBK
= 1:4; catalyst concentration= 40%; time= 24 h, temperature= 140 C).

Analysis condition:
Equipment
Column
Eluent
Flow rate
Detector
Temperature
Sample size

Agilent 1200
Bio-Rad Aminex HPX-87H ion Exclusion Column (7.8 mm × 300 mm)
0.005 mol/L sulfuric acid
0.6 mL/min
RID
60 C
10 µL
37

1.7

References

Abou-Yousef, H., & Hassan, E. B. (2014). Efficient utilization of aqueous phase bio-oil to furan
derivatives through extraction and sugars conversion in acid-catalyzed biphasic system.
Fuel, 137, 115-121. doi:http://dx.doi.org/10.1016/j.fuel.2014.07.067
Alamillo, R., Tucker, M., Chia, M., Pagan-Torres, Y., & Dumesic, J. (2012). The selective
hydrogenation of biomass-derived 5-hydroxymethylfurfural using heterogeneous
catalysts. Green Chemistry, 14(5), 1413-1419. doi:
http://dx.doi.org/10.1039/C2GC35039D
Alemi-Tameh, F., Safaei-Ghomi, J., Mahmoudi-Hashemi, M., & Teymuri, R. (2016). A
comparative study on the catalytic activity of Fe3O4@SiO2–SO3H and Fe3O4@SiO2–NH2
nanoparticles for the synthesis of spiro [chromeno [2, 3-c] pyrazole-4, 3′-indoline]-diones
under mild conditions. Research on Chemical Intermediates, 42(7), 6391-6406. doi:
http://dx.doi.org/10.1007/s11164-016-2470-6
Amarasekara, A. S., Williams, L. D., & Ebede, C. C. (2008). Mechanism of the dehydration of dfructose to 5-hydroxymethylfurfural in dimethyl sulfoxide at 150 °C: an NMR study.
Carbohydrate Research, 343(18), 3021-3024.
doi:http://dx.doi.org/10.1016/j.carres.2008.09.008
Amarjargal, A., Tijing, L. D., Im, I., & Kim, C. S. (2013). Simultaneous preparation of Ag/Fe3O4
core–shell nanocomposites with enhanced magnetic moment and strong antibacterial and
catalytic properties. Chemical Engineering Journal, 226, 243-254.
doi:http://dx.doi.org/10.1016/j.cej.2013.04.054
Anbarasan, P., Baer, Z. C., Sreekumar, S., Gross, E., Binder, J. B., Blanch, H. W., Toste, F. D.
(2012). Integration of chemical catalysis with extractive fermentation to produce fuels.
Nature, 491(7423), 235-239. Doi:http://dx.doi.org/10.1038/nature11594
Cai, W., & Wan, J. (2007). Facile synthesis of superparamagnetic magnetite nanoparticles in
liquid polyols. Journal of Colloid and Interface Science, 305(2), 366-370.
doi:http://dx.doi.org/10.1016/j.jcis.2006.10.023
Chen, D., Liang, F., Feng, D., Xian, M., Zhang, H., Liu, H., & Du, F. (2016). An efficient route
from reproducible glucose to 5-hydroxymethylfurfural catalyzed by porous coordination
polymer heterogeneous catalysts. Chemical Engineering Journal, 300(Supplement C),
177-184. doi:https://doi.org/10.1016/j.cej.2016.04.039
Chen, X., Arruebo, M., & Yeung, K. L. (2013). Flow-synthesis of mesoporous silicas and their
use in the preparation of magnetic catalysts for Knoevenagel condensation reactions.
Catalysis Today, 204, 140-147. doi:http://dx.doi.org/10.1016/j.cattod.2012.07.017
Chheda, J. N., Roman-Leshkov, Y., & Dumesic, J. A. (2007). Production of 5hydroxymethylfurfural and furfural by dehydration of biomass-derived mono- and polysaccharides. Green Chemistry, 9(4), 342-350. doi: http://dx.doi.org/10.1039/B611568C
38

Choudhary, V., Mushrif, S. H., Ho, C., Anderko, A., Nikolakis, V., Marinkovic, N. S., Vlachos,
D. G. (2013). Insights into the Interplay of Lewis and Brønsted Acid Catalysts in Glucose
and Fructose Conversion to 5-(Hydroxymethyl)furfural and Levulinic Acid in Aqueous
Media. Journal of the American Chemical Society, 135(10), 3997-4006. doi:
http://dx.doi.org/10.1021/ja3122763
Deng, Y., Deng, C., Qi, D., Liu, C., Liu, J., Zhang, X., & Zhao, D. (2009). Synthesis of
Core/Shell Colloidal Magnetic Zeolite Microspheres for the Immobilization of Trypsin.
Advanced Materials, 21(13), 1377-1382. doi: http://dx.doi.org/10.1002/adma.200801766
Ding, H. L., Zhang, Y. X., Wang, S., Xu, J. M., Xu, S. C., & Li, G. H. (2012). Fe3O4@SiO2
Core/Shell Nanoparticles: The Silica Coating Regulations with a Single Core for
Different Core Sizes and Shell Thicknesses. Chemistry of Materials, 24(23), 4572-4580.
doi: http://dx.doi.org/10.1021/cm302828d
Dumesic, J. A., Pagán-Torres, Y. J., Wang, T., & Shanks, B. H. (2014). Lewis and bronstedlowry acid-catalyzed production 5-hydroxymethylfurfural (HMF) from glucose: Google
Patents. website: https://patents.google.com/patent/US8642791B2/en
Hyeon, T., Lee, S. S., Park, J., Chung, Y., & Na, H. B. (2001). Synthesis of Highly Crystalline
and Monodisperse Maghemite Nanocrystallites without a Size-Selection Process. Journal
of the American Chemical Society, 123(51), 12798-12801. doi:
http://dx.doi.org/10.1021/ja016812s
Isahak, W. N. R. W., Hisham, M. W. M., Yarmo, M. A., & Yun Hin, T. (2012). A review on biooil production from biomass by using pyrolysis method. Renewable and Sustainable
Energy Reviews, 16(8), 5910-5923. doi:http://dx.doi.org/10.1016/j.rser.2012.05.039
Isikgor, F. H., & Becer, C. R. (2016). Lignocellulosic biomass: a sustainable platform for
production of bio-based chemicals and polymers. Polym. Chem., 2015, 6, 4497-4559. doi:
http://dx.doi.org/10.1039/C5PY00263J
James, O. O., Maity, S., Usman, L. A., Ajanaku, K. O., Ajani, O. O., Siyanbola, T. O., &
Chaubey, R. (2010). Towards the conversion of carbohydrate biomass feedstocks to
biofuels via hydroxylmethylfurfural. Energy & Environmental Science, 3(12), 18331850. doi: http://dx.doi.org/10.1039/B925869H
Jiang, N., Huang, R., Qi, W., Su, R., & He, Z. (2012). Effect of Formic Acid on Conversion of
Fructose to 5-Hydroxymethylfurfural in Aqueous/Butanol Media. BioEnergy Research,
5(2), 380-386. doi:http://dx.doi.org/10.1007/s12155-011-9141-7
Jiménez-Morales, I., Moreno-Recio, M., Santamaría-González, J., Maireles-Torres, P., &
Jiménez-López, A. (2015). Production of 5-hydroxymethylfurfural from glucose using
aluminium doped MCM-41 silica as acid catalyst. Applied Catalysis B: Environmental,
164, 70-76. doi:http://dx.doi.org/10.1016/j.apcatb.2014.09.002
39

Jiménez-Morales, I., Santamaría-González, J., Jiménez-López, A., & Maireles-Torres, P. (2014).
Glucose dehydration to 5-hydroxymethylfurfural on zirconium containing mesoporous
MCM-41 silica catalysts. Fuel, 118, 265-271.
doi:http://dx.doi.org/10.1016/j.fuel.2013.10.079
Li, J., Zhao, H., Hou, X., Fa, W., & Cai, J. (2017). Fe3O4@SiO2-SO3H nanocomposites: an
efficient magnetically separable solid acid catalysts for esterification reaction. IET Micro
& Nano Letters, 12(1), 53-57. doi:http://dx.doi.org/10.1049/mnl.2016.0463
Liu, B., & Zhang, Z. (2016). Catalytic conversion of biomass into chemicals and fuels over
magnetic catalysts. ACS Catal., 6(1), 326-338. doi:
http://dx.doi.org/10.1021/acscatal.5b02094
Mahdavi, M., Ahmad, M., Haron, M., Namvar, F., Nadi, B., Rahman, M., & Amin, J. (2013).
Synthesis, Surface Modification and Characterisation of Biocompatible Magnetic Iron
Oxide Nanoparticles for Biomedical Applications. Molecules, 18(7), 7533. doi:
https://doi.org/10.3390/molecules18077533
Mariscal, R., Maireles-Torres, P., Ojeda, M., Sadaba, I., & Lopez Granados, M. (2016). Furfural:
a renewable and versatile platform molecule for the synthesis of chemicals and fuels.
Energy & Environmental Science, 9(4), 1144-1189. doi:
http://dx.doi.org/10.1039/C5EE02666K
Masala, O., & Seshadri, R. (2005). Magnetic properties of capped, soluble MnFe2O4
nanoparticles. Chemical Physics Letters, 402(1–3), 160-164.
doi:http://dx.doi.org/10.1016/j.cplett.2004.12.032
McNeff, C. V., Nowlan, D. T., McNeff, L. C., Yan, B., & Fedie, R. L. (2010). Continuous
production of 5-hydroxymethylfurfural from simple and complex carbohydrates. Applied
Catalysis A: General, 384(1–2), 65-69.
doi:http://dx.doi.org/10.1016/j.apcata.2010.06.008
Mei, N., Liu, B., Zheng, J., Lv, K., Tang, D., & Zhang, Z. (2015). A novel magnetic palladium
catalyst for the mild aerobic oxidation of 5-hydroxymethylfurfural into 2,5furandicarboxylic acid in water. Catalysis Science & Technology, 5(6), 3194-3202.
doi:http://dx.doi.org/10.1039/C4CY01407C
Morel, A., Nikitenko, S. I., Gionnet, K., Wattiaux, A., Lai-Kee-Him, J., Labrugere, C., Simonoff,
M. (2008). Sonochemical Approach to the Synthesis of Fe3O4@SiO2 Core−Shell
Nanoparticles with Tunable Properties. ACS Nano, 2(5), 847-856. doi:
http://dx.doi.org/10.1021/nn800091q
Moreno-Recio, M., Santamaría-González, J., & Maireles-Torres, P. (2016). Brønsted and Lewis
acid ZSM-5 zeolites for the catalytic dehydration of glucose into 5hydroxymethylfurfural. Chemical Engineering Journal, 303(Supplement C), 22-30.
doi:https://doi.org/10.1016/j.cej.2016.05.120
40

Naeimi, H., & Nazifi, Z. S. (2013). A highly efficient nano-Fe3O4 encapsulated-silica particles
bearing sulfonic acid groups as a solid acid catalyst for synthesis of 1,8-dioxooctahydroxanthene derivatives. Journal of Nanoparticle Research, 15(11), 2026. doi:
http://dx.doi.org/10.1007/s11051-013-2026-2
Nasirudeen, M. B., Hailes, H. C., & Evans, J. R. G. (2017). Preparation of 5Hydroxymethylfurfural from Glucose and Fructose in Ionic Liquids by Reactive Vacuum
Distillation Over a Solid Catalyst. Curr. Org. Synth., 14(4), 596-603. doi:
http://dx.doi.org/10.2174/1570179414666161115155958
Pagán-Torres, Y. J., Wang, T., Gallo, J. M. R., Shanks, B. H., & Dumesic, J. A. (2012).
Production of 5-Hydroxymethylfurfural from Glucose Using a Combination of Lewis and
Brønsted Acid Catalysts in Water in a Biphasic Reactor with an Alkylphenol Solvent.
ACS Catalysis, 2(6), 930-934. doi: http://dx.doi.org/10.1021/cs300192z
Park, J., An, K., Hwang, Y., Park, J., Noh, H., Kim, J.., & Hyeon, T. (2004). Ultra-large-scale
syntheses of monodisperse nanocrystals. Nat Mater, 3(12), 891-895. doi:
https://doi.org/10.1038/nmat1251
Qiao, R., Yang, C., & Gao, M. (2009). Superparamagnetic iron oxide nanoparticles: from
preparations to in vivo MRI applications. Journal of Materials Chemistry, 19(35), 62746293. doi: http://dx.doi.org/10.1039/B902394A
Rodulfo-Baechler, S. M., González-Cortés, S. L., Orozco, J., Sagredo, V., Fontal, B., Mora, A.
J., & Delgado, G. (2004). Characterization of modified iron catalysts by X-ray
diffraction, infrared spectroscopy, magnetic susceptibility and thermogravimetric
analysis. Materials Letters, 58(20), 2447-2450.
doi:http://dx.doi.org/10.1016/j.matlet.2004.02.032
Román-Leshkov, Y., Chheda, J. N., & Dumesic, J. A. (2006). Phase Modifiers Promote Efficient
Production of Hydroxymethylfurfural from Fructose. Science, 312(5782), 1933-1937.
doi: http://dx.doi.org/10.1126/science.1126337
Rosatella, A. A., Simeonov, S. P., Frade, R. F. M., & Afonso, C. A. M. (2011). 5Hydroxymethylfurfural (HMF) as a building block platform: Biological properties,
synthesis and synthetic applications. Green Chemistry, 13(4), 754-793. doi:
http://dx.doi.org/10.1039/C0GC00401D
Safari, J., & Zarnegar, Z. (2013). A magnetic nanoparticle-supported sulfuric acid as a highly
efficient and reusable catalyst for rapid synthesis of amidoalkyl naphthols. Journal of
Molecular Catalysis A: Chemical, 379, 269-276.
doi:https://doi.org/10.1016/j.molcata.2013.08.028
Sahoo, Y., Pizem, H., Fried, T., Golodnitsky, D., Burstein, L., Sukenik, C. N., & Markovich, G.
(2001). Alkyl Phosphonate/Phosphate Coating on Magnetite Nanoparticles: A
Comparison with Fatty Acids. Langmuir, 17(25), 7907-7911. doi:
http://dx.doi.org/10.1021/la010703+
41

Santra, S., Tapec, R., Theodoropoulou, N., Dobson, J., Hebard, A., & Tan, W. (2001). Synthesis
and Characterization of Silica-Coated Iron Oxide Nanoparticles in Microemulsion: The
Effect of Nonionic Surfactants. Langmuir, 17(10), 2900-2906. doi:
http://dx.doi.org/10.1021/la0008636
Siril, P. F., Davison, A. D., Randhawa, J. K., & Brown, D. R. (2007). Acid strengths and
catalytic activities of sulfonic acid on polymeric and silica supports. Journal of
Molecular Catalysis A: Chemical, 267(1), 72-78.
doi:https://doi.org/10.1016/j.molcata.2006.11.022
Somerville, C., Youngs, H., Taylor, C., Davis, S. C., & Long, S. P. (2010). Feedstocks for
Lignocellulosic Biofuels. Science, 329(5993), 790-792. doi:
http://dx.doi.org/10.1126/science.1189268
Sun, S., Zeng, H., Robinson, D. B., Raoux, S., Rice, P. M., Wang, S. X., & Li, G. (2004).
Monodisperse MFe2O4 (M = Fe, Co, Mn) Nanoparticles. Journal of the American
Chemical Society, 126(1), 273-279. doi: http://dx.doi.org/10.1021/ja0380852
Wang, J., Zhang, Z., Jin, S., & Shen, X. (2017). Efficient conversion of carbohydrates into 5hydroxylmethylfurfan and 5-ethoxymethylfurfural over sufonic acid-functionalized
mesoporous carbon catalyst. Fuel, 192, 102-107.
doi:https://doi.org/10.1016/j.fuel.2016.12.027
Wang, S., Tang, J., Zhao, H., Wan, J., & Chen, K. (2014). Synthesis of magnetite–silica core–
shell nanoparticles via direct silicon oxidation. Journal of Colloid and Interface Science,
432, 43-46. doi:http://dx.doi.org/10.1016/j.jcis.2014.06.062
Wang, S., Zhang, Z., Liu, B., & Li, J. (2013). Silica coated magnetic Fe3O4 nanoparticles
supported phosphotungstic acid: a novel environmentally friendly catalyst for the
synthesis of 5-ethoxymethylfurfural from 5-hydroxymethylfurfural and fructose.
Catalysis Science & Technology, 3(8), 2104-2112. doi:
http://dx.doi.org/10.1039/C3CY00223C
Wilson, K., & Lee, A. F. (2012). Rational design of heterogeneous catalysts for biodiesel
synthesis. Catalysis Science & Technology, 2(5), 884-897. doi:
http://dx.doi.org/10.1039/C2CY20038D
Xiong, Y., Zhang, Z., Wang, X., Liu, B., & Lin, J. (2014). Hydrolysis of cellulose in ionic
liquids catalyzed by a magnetically-recoverable solid acid catalyst. Chemical
Engineering Journal, 235, 349-355. doi:http://dx.doi.org/10.1016/j.cej.2013.09.031
Xu, S., Zhou, P., Zhang, Z., Yang, C., Zhang, B., Deng, K., & Zhu, H. (2017). Selective
Oxidation of 5-Hydroxymethylfurfural to 2,5-Furandicarboxylic Acid Using O2 and a
Photocatalyst of Co-thioporphyrazine Bonded to g-C3N4. J. Am. Chem. Soc., 139(41),
14775-14782. doi: http://dx.doi.org/10.1021/jacs.7b08861
42

Xu, Z., Hou, Y., & Sun, S. (2007). Magnetic Core/Shell Fe3O4/Au and Fe3O4/Au/Ag
Nanoparticles with Tunable Plasmonic Properties. Journal of the American Chemical
Society, 129(28), 8698-8699. doi: http://dx.doi.org/10.1021/ja073057v
Yi, G., Teong, S. P., & Zhang, Y. (2015). The Direct Conversion of Sugars into 2,5Furandicarboxylic Acid in a Triphasic System. ChemSusChem, 8(7), 1151-1155. doi:
http://dx.doi.org/10.1002/cssc.201500118
Yin, S., Sun, J., Liu, B., & Zhang, Z. (2015). Magnetic material grafted cross-linked imidazolium
based polyionic liquids: an efficient acid catalyst for the synthesis of promising liquid
fuel 5-ethoxymethylfurfural from carbohydrates. J. Mater. Chem. A, 3(9), 4992-4999.
doi: http://dx.doi.org/10.1039/C4TA06135G
Zhang, Z., & Deng, K. (2015). Recent Advances in the Catalytic Synthesis of 2,5Furandicarboxylic Acid and Its Derivatives. ACS Catalysis, 5(11), 6529-6544. doi:
http://dx.doi.org/10.1021/acscatal.5b01491
Zhang, Z., Wang, Q., Xie, H., Liu, W., & Zhao, Z. (2011). Catalytic Conversion of
Carbohydrates into 5-Hydroxymethylfurfural by Germanium(IV) Chloride in Ionic
Liquids. ChemSusChem, 4(1), 131-138. doi: http://dx.doi.org/10.1002/cssc.201000279
Zhao, S., Lee, D., Kim, C., Cha, H., Kim, Y., & Kang, Y. (2006). Synthesis of Magnetic
Nanoparticles of Fe3O4 and CoFe2O4 and Their Surface Modification by Surfactant
Adsorption. Bull. Korean Chem. Soc., 27(2), 237-242.
doi:https://doi.org/10.5012/bkcs.2006.27.2.237
Zhou, P., & Zhang, Z. (2016). One-pot catalytic conversion of carbohydrates into furfural and 5hydroxymethylfurfural. Catalysis Science & Technology, 6(11), 3694-3712. doi:
http://dx.doi.org/10.1039/C6CY00384B
Zolfigol, M. A. (2001). Silica sulfuric acid/NaNO2 as a novel heterogeneous system for
production of thionitrites and disulfides under mild conditions. Tetrahedron, 57(46),
9509-9511. doi:http://dx.doi.org/10.1016/S0040-4020(01)00960-7.

43

CHAPTER II
HYDROGEN-FREE CATALYTIC REDUCTION OF BIOMASS-DERIVED 5HYDROXYMETHYLFURFURAL INTO 2,5-BIS(HYDROXYMETHYL)FURAN USING
COPPER-IRON OXIDES BIMETALLIC CATALYST
2.1

Abstract
2,5-bis(hydroxymethyl)furan (BHMF), which is the major diol formed from 5-

hydroxymethylfurfural (5-HMF) hydrogenation process, has a significant importance in many
applications including the production of resins, fibers, foams, drugs, polymers, ketones and ethers.
Therefore, developing an economical and effective catalytic system is very necessary and desirable
for the selective transformation of 5-HMF to BHMF. This paper is focusing on preparing costeffective catalytic transfer hydrogenation system for the selective transformation of 5-HMF into
BHMF via Meerwein-Ponndorf-Verley (MPV) reaction over the copper iron magnetic catalyst
supported on activated carbon (CC) using ethanol as a hydrogen donor with the absence of external
molecular hydrogen. The prepared catalyst was characterized by XRD, H2-TPR, XPS, ICP-OES,
HRTEM-EDX, and N2 adsorption-desorption isothermal analyses (BET and BJH). The various
reaction parameters affecting the selectivity of BHMF such as catalyst concentration, temperature,
and time were studied. About 33.3% of the active copper iron metals in the prepared catalysts
exhibited high catalytic activity for the selective hydrogenation reaction. At the optimum reaction
conditions, 92.5% of BHMF selectivity and 97.5% conversion were obtained in ethanol over 1:1,
5-HMF/Catalyst, at 150°C for 5 h. At the end of the hydrogenation reaction, a strong magnet was
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used to separate the catalyst from the reaction mixture and was recycled five times without a
remarkable decrease in its catalytic activity.
2.2

Introduction
Currently, an energy crises, climate change, and severe environmental problems have been

exhibited with the utilization and consumption of non-renewable, conventional fossil energy such
as petroleum, coal and natural gas, as these are used in traditional chemical industry (Kunkes et
al., 2008; Zu et al., 2014). As a result, there is a growing demand for the production of carbonbased chemicals, materials, and fuels from renewable resources such as lignocellulosic biomass
(cellulose, hemicellulose, and lignin) (Antunes et al., 2018; Winoto et al., 2019). As the only
renewable carbon source available on earth, biomass is an excellent candidate to be transformed
to a high value added chemicals and fuels (Chimentão et al., 2019; Perez, Soares, de Farias, R.
Pereira, & Fraga, 2018). Among the most promising biomass-derived chemicals (e.g., 5Hydroxymethylfurfural (5-HMF), furfural (FF), levulinic acid (LA), γ-valerolactone, glycerol,
sorbitol, xylitol), 5-HMF is recognized as an important intermediate for production of a range of
high-value,carbon-based chemicals through various chemical transformations, such as
hydrogenation, oxidation, etherfication, amination, isomerization, condensation, and cyclization
(Elsayed, Mashaly, Eltaweel, Jackson, & Hassan, 2018; Hu, Lin, Wu, Zhou, & Liu, 2017; X. Tang,
Zuo, et al., 2017). 5-HMF can be easily obtained from acid-catalyzed hydration of biomass-derived
carbohydrates (hexoses) in various media (X. Tang, Zuo, et al., 2017; van Putten et al., 2013). 5HMF possesses three different unique functional groups including aldehyde group, alcoholic
hydroxyl group, and aromatic furan ring, which make it flexible for further catalytic valorization
into a range of high-value - chemicals (Hu et al., 2017). The hydrogenation process of 5-HMF
produces a variety of different useful products, such as 2,5-bis(hydroxymethyl)furan (BHMF), 2,545

dimethyltetrahydrofuran (DMTHF), 2,5-dimethylfuran, and 1,6-hexanediol (Gawade, Tiwari, &
Yadav, 2016; Hu et al., 2017; X. Tang, Wei, et al., 2017; W. Zhao et al., 2018).
Among 5-HMF hydrogenation products, BHMF is a unique industrial intermediate diol,
which has a great application value for a biorefinery (X. Tang, Wei, et al., 2017). It can be utilized
as a building-block for the preparation of artificial receptors in molecular recognition (Goswami,
Dey, & Jana, 2008), artificial fibers (Gelmini et al., 2016), polyamides (Mitiakoudis & Gandini,
1991), polyethers (Balakrishnan, Sacia, & Bell, 2012; Cao et al., 2014), polyurethanes (W.J, 1984),
pharmaceuticals (Cottier, Descotes, & Soro, 2003; Timko & Cram, 1974), adhesives, furan-based
resins, and other high-value fine chemicals (Hao et al., 2016; G. Wang et al., 2014). It is also used
for the production of some liquid biofuels such as 2,5-bis(alkoxymethyl)furans, which are
considered as an excellent fuel additive candidate due to their high energy densities and blending
properties in normal diesel (Balakrishnan et al., 2012; G. Gruter, 2012).
Based on the information provided by previous studies, some catalytic systems utilizing
noble metals catalysts such as Pt, Pd, Au, Ir and Ru and non-noble metals catalysts such as Cu and
Ni, have been reported to be capable for the selective hydrogenation of 5-HMF to BHMF (Hu, Xu,
et al., 2018). In the reported studies, a number of hydrogen sources were used including external
molecular hydrogen (H2), formic acid, and alcohols, etc. As an expensive catalysts, noble metals
have produced BHMF yield higher than 90% under relatively mild conditions using external
hydrogen. Besides, non-noble metal catalysts have given BHMF comparable to that achieved from
noble catalysts, with applying harsh conditions such as 100 °C and 30 bar H2 (Hu, Xu, et al., 2018).
As the most common hydrogen source applied, external molecular H2 has exhibited good
performance for the selective hydrogenation of 5-HMF by various noble or non-noble catalysts
(Hu, Xu, et al., 2018). However, using external molecular H2 in the hydrogenation process has
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many issues such as those associated with hydrogen storage, transportation, and safety (Zihao
Zhang et al., 2018). As a result, replacing external H2 by using formic acid and alcohols as
hydrogen donors has attracted scientists’ attention (Sharma & Ghoshal, 2015). Formic acid has
shown good performance as hydrogen donor for the hydrogenation of 5-HMF using Pd/C
(Thananatthanachon & Rauchfuss, 2010), Ru/C (De, Dutta, & Saha, 2012), and Ni-Co/C (Yang,
Xia, Liu, & Wang, 2017) catalysts. However, utilizing formic acid as a hydrogen donor has
drawbacks that limit its application, such as having a harmful effect on the environment, and
requiring corrosion-resistant reactors.
Nowadays, the application of alcohols as a hydrogen donor in the hydrogenation of 5-HMF
is gaining extensive attention because liquid alcohols are cheap, safe, and more convenient than
those of molecular H2. Clearly, transfer hydrogenation through Meerwein-Ponndorf-Verley
(MPV) is a promising alternative reduction technique for biomass-derived aldehydes to dangerous
gaseous hydrogenation due to the selectivity towards the reduction of carbonyl group to hydroxyl
group by using sacrificial alcohols as hydrogen donors (N. Chen et al., 2020; Song et al., 2015).
Among various employed catalysts in the hydrogenation process, bimetallic catalysts show an
improvement for the catalytic selectivity, stability, and activity compared to the monometallic
counterparts because of the synergetic effects generated from geometric and electronic interactions
of both metals applied (Hu, Li, et al., 2018; Patankar, Dodiya, & Yadav, 2015; Patankar & Yadav,
2015; Talpade, Tiwari, & Yadav, 2019; W. Tang et al., 2014). Moreover, employing iron metal in
the bimetallic catalyst will produce a material that is highly abundant, cheap and has a superior
magnetic property which makes it easy to recover from the chemical reaction by applying an
external magnetic field (Patankar et al., 2015; Patankar & Yadav, 2015; W. Tang et al., 2014).
Some publications have reported the influence of using non-noble metals like copper or iron as
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catalyst for the hydrogenation of 5-HMF to BHMF, but these studies have exhibited some
limitations, such as applying high pressure of external hydrogen (Bottari et al., 2015; Cao et al.,
2014; B. Chen, Li, Huang, & Yuan, 2017; Kumalaputri, Bottari, Erne, Heeres, & Barta, 2014;
Srivastava, Jadeja, & Parikh, 2017; Yu et al., 2015; Zhu et al., 2015), using unsafe solvent (Cao et
al., 2014; Srivastava et al., 2017; F. Wang & Zhang, 2017; Yu et al., 2015; Zhu et al., 2015),
utilizing expensive chemicals (Yu et al., 2015) or obtaining low BHMF yield (B. Chen et al., 2017;
Srivastava et al., 2017).
By avoiding the limitations of the previous studies and taking into account the advantages
of both bimetallic catalyst activity and transfer hydrogenation through MPV, this paper is reporting
the selective hydrogenation of 5-HMF to BHMF over a magnetically recoverable, bimetallic
nanocatalyst (CuO-Fe3O4/CC) prepared using the precipitation-deposition method. The
synthesized catalyst was characterized by XRD, H2-TPR, XPS, ICP-OES, HRTEM-EDX, N2
adsorption-desorption isothermal analyses (BET and BJH). Various parameters such as solvent
type, catalyst loading, temperature, and time has been optimized to achieve maximum yield of
BHMF.
2.3
2.3.1

Experimental
Materials
Copper (II) nitrate trihydrate (98-103 %), iron (III) nitrate nonahydrate (ACS reagent,

≥98%), 5-methyl furfural (99%), 5-methyl furfuryl alcohol (99%), methanol (HPLC plus,
≥99.5%), ethanol (200 proof, HPLC/spectroscopic grade), and anhydrous sodium hydroxide
(pellets ≥98%) were purchased from Millipore-Sigma . 5-Hydroxymethylfurfural (5-HMF, 98%),
and 2,5-bishydroxymethylfuran (BHMF, 98% GC) were purchased from AK Scientific. 2,5Dimethyl furan (DMF, 99%), 2-propanol (HPLC for gradient analysis), and 1-butanol (99+%, for
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spectroscopy) were purchased from Acros. 1-Propanol (ACS, 99.5+%) was obtained from Alfa
Aesar. High purity water (17.8 megohm-cm) was purified using Thermo Scientific E-pure Water
purification system. All chemical reagents were obtained and used as-received without further
puriﬁcation.
2.3.2

CuO-Fe3O4/CC catalyst preparation
Cu-Fe oxides bimetallic catalyst supported on activated carbon was prepared by using the

precipitation-deposition method as described in prior study with a few modifications (Upare,
Hwang, & Hwang, 2018). Firstly, 1 g of activated carbon was added to 50 mL of deionized water
then sonicated for 30 min at room temperature to obtain good dispersion. By considering the
targeted weight ratio (Cu:Fe:CC=1:1:4) following the introduction of both copper and iron in the
Cu-Fe oxides/CC catalyst, 3.9 mmole of Cu(NO3)2.3H2O and 4.5 mmole Fe2(NO3)3.9H2O were
dispersed in 50 mL water and sonicated for 10 min. Then the copper-iron nitrates mixture was
added drop-wise into the activated carbon dispersion with constant stirring using mechanical
stirrer. Secondly, both metals were precipitated by using 0.1N NaOH at 0 °C with keeping the
suspension pH fixed at 9.5. Next, the suspension was stirred at 20 °C for 1 hr, then filtered and
washed with deionized water continuously until the detection of neutral pH of the filtrate. The
precipitate was then dried at 80 °C overnight using a vacuum oven, then calcined at 550 °C in air
for 5 h. Finally, prior to use in the hydrogenation reactions, the calcined catalyst was reduced at
300 °C for 5 h with a gas mixture of 5% H2 in N2 (50 ml/min).
2.3.3

Catalyst characterization
High resolution transmission electron microscope equipped with an energy dispersive X-

ray spectroscopy (HRTEM/EDX) images were obtained using JEOL 2100 TEM with LaB6
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emitter operated at 200KV. Samples were ground and dispersed in ethanol and a drop of this
suspension deposited on a 300 mesh Formvar carbon coated Cu grid and allowed to dry overnight
before Imaging. X-ray diffraction (XRD) patterns were recorded with RINT Ultima III
XRD (Rigaku Corp., Japan) operating with CuKα1 radiation (λ= 1.54 Å) at 40KV 44mA. Samples
were ground and measured on deepened glass sample holders. X-ray photoelectron spectroscopy
(XPS) measurements were made using a Kratos Axis Ultra X-ray photoelectron spectrometer
(Kratos Analytical, Inc., Manchester, UK) using monochromatic Al Kα radiation (1486.6 eV).
High-resolution spectra were collected with a pass energy of 40 eV from a 0.7 mm x 0.3 area using
the hybrid (electrostatic and magnetic immersion) lens mode. The powder samples were loaded
for analysis onto double-sided carbon tape. The binding energy scale was referenced to the C 1s
signal at 285.0 eV. ICP-OES analyses were performed on a Perkin-Elmer 7000 DV ICP-OES as
another tool to determine the catalyst surface chemical composition.
Surface texture measurement were collected using a Quantachrome Autosorb iQ gas
sorption analyzer (Anton-Paar, USA). Catalyst surface areas, pore size distribution, and pore
volumes were determined by adsorption-desorption isotherms of nitrogen at −196 °C. Prior to
undergoing gas adsorption measurements, specimens were degassed at 105 °C under a vacuum for
a period of 3 h. The BET method was used to measure the surface area of nanoparticles while BJH
method to obtain the pore size distribution. The total pore volume was determined by converting
nitrogen gas adsorbed at a relative pressure of 0.99 to the volume of liquid adsorbate (nitrogen).
Hydrogen temperature programmed reductions (H2-TPR) were performed using 10% H2 in Ar and
a ramp rate of 10 °C/min. Water was removed from the analysis gas by a cold trap maintained at
-25 °C and hydrogen consumption was continuously monitored using a thermal conductivity
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detector (TCD). Prior to the measurement, the samples (~5 mg) were dried under He flow at 140
°C.
2.3.4

Hydrogenation experiments
All the Catalytic hydrogenation experiments were carried out in a 100 mL cylindrical

stainless steel reactor (Parr, USA) which is connected to an external temperature, pressure, and
stirring controllers. In a typical 5-HMF hydrogenation reaction, 100 mg of 5-HMF, 100 mg
catalyst, and 15 mL alcohol were introduced in the reactor. The reactor was sealed and purged
with nitrogen (N2) gas for 1 min, and then the reactor was charged with 7 bar nitrogen pressure.
Next, the reactor was stirred at a speed of 500 rpm, and was heated to a chosen temperature (from
120°C to 150°C) for a specific time (from 3 h to 5 h). At the end of the reaction time, the reactor
was cooled down to room temperature using an ice-water bath, and the catalyst was isolated from
the reaction mixture by applying an external magnet.
2.3.5

Products Analysis
5-HMF, BHMF, dimethylfuran (DMF), 5-methylfuran (5-MF), 5-methyfurfuryl alcohol

(5-MFA), and 1,1-diethoxyethane were analyzed by a Hewlett Packard 5971 series mass
spectrometer (GC-MS) with fused silica capillary column (VF-Xms, Agilent technologies, Inc.)
with dimensions of (30 m × 0.25 mm ID × 0.25 μm film thickness). The initial column temperature
was 40 ºC and was maintained for 1 min, and then, the column temperature was programed at a
heating rate of 5 ºC/min to 205 ºC and was hold at 205 ºC for 1 min. The injector and detector
temperatures were 280 °C for both; the carrier gas was Helium of 99.99% purity. The m/z values,
which represent the fragment ions of the compounds, was recorded for each compound. 1 µL of
each sample was injected in the column and the concentration of 5-HMF, BHMF, DMF, 5-MF,
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and 5-MFA in the mixture were calculated based on standard calibration curve obtained with
standard prepared solution of the five compounds.
2.3.6

Catalyst recyclability
At the end of the reaction, an external magnet was used to isolate the magnetic catalyst

from the reaction mixture. Then, the catalyst was washed several times with ethanol/deionized
water mixture to remove any impurities followed by reducing at 300 C under hydrogen for 5 h
prior to the following cycle. The hydrogenation experiments using the recycled catalyst were
conducted at the optimum experimental conditions.
2.3.7

Calculations
The external standard method was used to measure 5-HMF conversion and BHMF

selectivity and were calculated by applying the following equations:

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 % =

Mole of BHMF
moles of [5−HMF+BHMF+DMF+5−MF+5−MFA]

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 % = (1 −

× 100

Mole of 5−HMF in products
Initial mole of 5−HMF

) × 100

Also, equation no. 2.1 was used to quantify 5-HMF, DMF, 5-MF, and 5-MFA
byproducts.
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(2.1)

(2.2)

2.4
2.4.1

Results and Discussion
Catalyst characterization
The crystallinity and the average crystallite size can be measured by performing XRD

analysis. The XRD patterns of fresh and recycled CuO-Fe3O4/CC catalyst are shown in Figure
2.1).

Figure 2.1

XRD spectra of the prepared CuO-Fe3O4/CC catalyst.
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A group of diffraction peaks of Fe3O4 220, 311, 400, 422, 511, 440 and 522 lattice planes
are observed at 2θ of 30.2°, 35.6°, 43.2°, 53.9°, 57.3°, 62.9° and 74.7° were attributed to the cubic
spinel unit cell that matches the standard magnetite structure data (JCPDS file no. 19-0629) (Yuan,
Jiang, Lin, & Liao, 2007). In addition, the diffraction peaks of Cu2O 111, 200, and 311 lattice
planes were detected at 2θ of 36.6°, 42.4°, 50.4 which is consistent with the standard of a single
cubic phase Cu2O with a cuprite structure (JCPDS file no. 05-0667) (Yuan et al., 2007). Moreover,
a group of CuO diffraction peaks are detected at 2θ of 35.6, 38.9, 48.9, 53.7, and 61.7° that
correspond to the characteristics peaks of pure CuO phase crystallized with monoclinic (tenorite)
structure (JCPDS file no. 48-1548) (Chandrappa & Venkatesha, 2013). The characteristic
diffraction peak of carbon at 2θ of 26.4° was detected in both fresh and recycled catalysts. The
XRD results proved that the catalyst is composed of a mixture of CuO, Cu2O, Fe3O4, and activated
carbon. A great consistent between the diffraction peaks of fresh and recycled catalyst was
observed, indicating to the stability of the catalyst crystalline structure after the reaction. The broad
diffraction peaks of XRD pattern indicates significantly to small size of the resulting crystallites.
The Scherrer equation was applied to measure the crystallite size of fresh and recycled catalyst,
which are 17.3, and 14.6 nm respectively, indicating a little decrease in the catalyst crystallite sizes
after the hydrogenation reaction. Furthermore, the crystallinity of fresh and recycled catalyst are
80.9% and 78.4%, respectively, which means no obvious change in the crystallinity after reuse of
the catalyst (Holzwarth & Gibson, 2011b).
XPS full elemental survey has proved the presence of copper, iron, carbon, and oxygen on
the catalyst surface as presented in figure 2.2a. Binding energy peaks at 953.41 eV and 933.41 eV
can be assigned to Cu2+2p1/2 and Cu2+2p3/2, respectively with two strong satellite peaks at 962.01
eV and 941.81 eV which confirms the presence of CuO in the prepared catalyst (Chandrappa &
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Venkatesha, 2013) (Figure 2.2b). Depending on the evidence obtained from XRD spectra for the
presence of Cu2O, Cu2p peak for Cu was deconvoluted into the Cu2+ and Cu1+ which generate
binding energy peaks at 952.76 eV and 932.87 eV that represent Cu1+2p1/2 and Cu1+2p3/2.

Figure 2.2

XPS spectra of CuO-Fe3O4/CC catalyst (a) whole survey scan, (b) Cu 2p spectra,
(c) Cu 3p spectra, (d) Cu LMM spectra, (e) Fe 2p spectra, (f) Fe 3p spectra, (g) O1s
spectra, and (h) C 1s spectra.
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Figure 2.2 (continued)

Moreover, binding energy peaks at 76.01 eV and 568.8 eV are attributed to the Cu3p and
CuLMM which are consistent with the existence of Cu as Copper oxides as mentioned in (Figures
2.2c, 2.2d). Fe2p shows some binding energy peaks at 724.35 eV and 710.81 eV which represent
Fe3+2p1/2 and Fe3+2p3/2, and two Fe3+ satellite peaks at 732.98 eV and 719.33 eV (Yamashita &
Hayes, 2008) (Figure 2.2e). Also, Fe3p peak was deconvoluted into the Fe3+ and Fe2+ which
produce binding energy peaks at 55.95 eV and 55.00 eV that represent Fe3+3p and Fe2+3p (Figure
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2.2f). Oxygen and carbon binding energy peaks were found at 529.71 eV and 285 eV respectively,
(Figure 2.2g, 2.2h).
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Figure 2.3

Temperature programing reduction (H2-TPR) curve of CuO-Fe3O4/CC catalyst.

The peak area of O1s, Cu3p, and Fe3p were calculated and utilized to determine the surface
composition of the catalyst were 72.25 mol% oxygen, 10.43 mol% copper, and 17.32mol% iron;
which equivalent 0.60 Cu:Fe mole ratio. About 4.1 wt% of carbon was obtained by combustion,
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23% Cu and 32% Fe which gives a mole ratio of 0.63 Cu:Fe were determined by ICP-OES. Thus,
XPS spectra are very consistent with ICP-OES and XRD data which confirm that the prepared
catalyst is composed mainly of CuO, Fe3O4, and carbon.

Figure 2.4

(a, b) HRTEM of fresh CuO-Fe3O4/CC catalyst, (C) EDX of fresh CuO-Fe3O4/CC
catalyst, (d, e) HRTEM of recycled CuO-Fe3O4/CC catalyst, (f) EDX of recycled
CuO-Fe3O4/CC catalyst, (g-i) EDX mapping images of recycled CuO-Fe3O4/CC.

H2-TPR analysis was performed to study the reduction behavior and interactions between
copper and iron metals of CuO-Fe3O4/CC catalyst, results shown in figure 2.3 gives TCD signal
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versus reduction temperature. The H2-TPR profile of CuO-Fe3O4/CC catalyst showed three H2
consumption peaks were observed at 268 C, 325 C, and 458 C.
The consumption peak at 268 C represents the reduction of CuO to Cu metal particles,
while the other two consumption peaks at 325 C, and 458 C were ascribed to the reduction of
Fe2O3 residues to Fe3O4, and the reduction of Fe3O4 to FeO, respectively (C. Espro, Gumina,
Paone, & Mauriello, 2017; Khan & Smirniotis, 2008). The lower temperatures at which the
hematite and magnetite phases are reduced relative to their pure oxides can be attributed to
hydrogen spillover from the reduced Cu centers (Khan & Smirniotis, 2008).
HRTEM was utilized to study the morphological structure for the synthesized CuOFe3O4/CC nanoparticles (Figure 2.4). Images of both fresh and recycled CuO-Fe3O4/CC catalysts
clearly confirm the presence of Cu and Fe coated layers on the surface of the carbon core. HRTEM
images indicated that the thickness of Cu/Fe layer is approximately 7 nm and the average diameter
of the catalyst nanoparticles is about 15 nm, which is consistent with the XRD data. TEM equipped
with EDX was used to perform an elemental analysis of the catalyst by quantitative EDX analysis
showed the existence of copper, iron, oxygen, and carbon in both fresh and recycled catalysts
which indicate the functionalization of copper and iron oxides on the surface of the activated
carbon.
Nitrogen adsorption-desorption isotherm was performed to obtain the catalyst texture
structure including the surface area, and pore size distribution. The surface area and pore size
distribution for both activated carbon carrier and the catalyst were measured by applying BET, and
BJH methods which are presented in figure 2.5. The adsorption-desorption isotherm of activated
carbon carrier behaved as a typical type IV adsorption isotherm with hysteresis loop which means
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a mesoporous structure for the carrier with a surface area 685 m2/g, total pore volume 0.627 cc/g,
and average pore diameter 3.6 nm.

Figure 2.5

Nitrogen adsorption-desorption isotherms at -196 C and the corresponding
average pore size distribution of activated carbon (a), and CuO-Fe3O4/CC catalyst
(b).
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Figure 2.5 (continued)

After coating activated carbon with copper and iron oxides, the adsorption-desorption
isotherm of CuO-Fe3O4/CC catalyst shows type III adsorption isotherm which means a non-porous
or macro-porous structure with decreases in the surface area and pore volume, to 7.8 m2/g, 0.08
cc/g, respectively. The reduction of the surface area and the pore volume is due to the occupation
of the active sites and pores in the surface of activated carbon by Cu/Fe metal oxides which proves
the successful preparation of CuO-Fe3O4/CC catalyst.
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2.4.2
2.4.2.1

Hydrogenation of 5-HMF
Hydrogenation reaction pathways
5-HMF contains one aldehyde carbonyl group on one side and free hydroxyl group on the

other side of the ring. Both carbonyl and hydroxyl group can be subjected to hydrogenation
reactions by different degrees in presence of hydrogen donor source and catalyst. Therefore,
depending on the reaction conditions, the catalytic transfer hydrogenation reaction of 5-HMF in
presence of alcohol as hydrogen donor and CuO-Fe3O4/CC catalyst can produce BHMF and
several byproducts such as DMF, 5-MF, and 5-MFA. All hydrogenation products were identified
by GC/MS analysis and calibrated using high purity standard chemicals as shown in the supporting
information figures 2.11, 2.12. The possible reaction pathway for the conversion of 5-HMF to
BHMF and other byproducts is illustrated in scheme 2.1. The proposed scheme shows five
different pathways for the formation of BHMF and other byproducts from 5-HMF. In the scheme,
furan products are shown in red and the acetaldehyde and water forming from the oxidation of
ethanol and hydrogenolysis reactions, respectively, are shown in blue. In pathway (A), 5- HMF
can partially hydrogenated through hydrogen transfer from alcohol to the aldehyde group on the
surface of catalyst to produce BHMF which subject to a further hydrogenation step to form DMF
(Pathway C).
5-HMF can also be partially hydrogenated to 5-MF through hydrogen transfer from alcohol
to the hydroxyl group (Pathway B). In turn, 5-MF can undergoes two successive hydrogenation
steps by transferring two hydrogen molecules from alcohol to the carbonyl group to form DMF
through 5-MFA (pathway D, E). DMF is the most stable compounds among all byproducts,
therefore, producing BHMF with high yield depends mainly on the selectivity of the catalyst and
the severity of the hydrogenation step.
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Scheme 2.1

Proposed reaction mechanism for the catalytic transfer hydrogenation of HMF
into BHMF and byproducts.
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2.4.2.2

Effect of different hydrogenation parameters on the yield of BHMF
The selectivity toward and yield of BHMF and other byproducts depends mainly on several

hydrogenation parameters including solvent type, time, and temperature. The type of the hydrogen
donor solvent has a significant influence on the catalytic transfer hydrogenation reaction of 5-HMF
to BHMF. In this study, five different alcohols were tested as hydrogen donors to select the highest
activity alcohol for the hydrogenation reaction as shown in figure 2.6. These alcohols were chosen
according to the previous reports that mentioned their activities as a hydrogen donors (Hu, Xu, et
al., 2018; X. Tang, Wei, et al., 2017). All tested alcohols exhibited good ability as hydrogen donors
for the hydrogenation experiments. 1-propanol and 2-propanol showed the lowest selectivity
towards BHMF production (79.8% and 76.1%, respectively) compared to other alcohols. The
lower selectivity of 1-propanol was mainly due to its lower conversion (85.3%), but the higher
selectivity towards production other byproducts such as 5-MFA was the main reason for the lower
selectivity towards BHMF. The selectivity of methanol and 1-butanol towards BHMF production
was 86.8% and 82.4%, with 5-HMF conversion of 94.5% and 90.2%, respectively. Ethanol acted
as the best hydrogen donor alcohol among other alcohols with BHMF selectivity of 92.5% and 5HMF conversion of 97.6%. The total percentages of (DMF, 5-MFA, and 5-MF) byproducts
obtained with methanol, ethanol, 1-propanol, 2-propanol, and 1-butanol solvents were 7.72%,
5.07%, 5.42%, 23.38%, and 7.72%, respectively. It is clear from the above results that ethanol
exhibited the highest selectivity towards BHMF and the lowest selectivity towards other
byproducts. Also, taking into consideration the economical price, safety, and availability of
ethanol, it was considered as the best hydrogen donor alcohol in this study.
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Figure 2.6

Effect of alcohol type on the selectivity of BHMF and conversion of HMF.

Figure 2.7 shows the effect of CuO-Fe3O4/CC catalyst loadings on the 5-HMF conversion
and products selectivity. At 0% catalyst load, both selectivity towards BHMF production and 5HMF conversion were very low (less than 7%) indicating clearly that the presence of catalyst is
essential for the production of BHMF. Increasing the concentration of catalyst to 50 mg raised the
selectivity towards BHMF formation to 87.0%, and conversion of 5-HMF to 91.7%. Further
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increase in the concentration of catalyst to 100 mg slightly improved the selectivity towards BHMF
formation and 5-HMF conversion to 92.5 and 97.5%, respectively.
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Figure 2.7

Effect of catalyst loading on the selectivity of BHMF and conversion of HMF.

At 125 mg catalyst, the BHMF selectivity slightly declined to 91.3% and 5-HMF
conversion remained almost constant. The yield and selectivity of the studied system towards
production of 5-MF was relatively higher than other byproducts. Therefore, 100 mg catalyst
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loading (5-HMF: catalyst ratio = 1:1) have been selected to be the optimum catalyst concentration
for the next studies at 150C and 5h. The other two significant keys that controlling the
hydrogenation reaction of 5-HMF are time and temperature. Performing the hydrogenation
reaction of 5-HMF at higher temperature or longer reaction time will yield a spectrum of
undesirable byproducts such as DMF, 5-MFA, and 5-MF. Many researchers reported an inversely
proportional relationship between time and temperature which means applying low reaction
temperature is usually associated with prolonged reaction time and vice versa (Elsayed et al.,
2018). During this study, we tried to optimize BHMF selectvity and HMF conversion at short
reaction time (3-7 h), and relatively low temperatures (130-160 C). The effect of hydrogenation
reaction temperature on the BHMF selectivity and 5-HMF conversion are depicted in figure 2.8.
At lower reaction temperature of 130 ºC, about 44.6% of BHMF selectvity and 47.3%
conversion were obtained. Increasing the reaction temperature to 150 ºC significantly doubled the
selectivity towards BHMF production to 92.5% and 5-HMF conversion to 97.5%. This results
clearly proves that reaction temperature is a crucial parameter in the selective hydrogenation of 5HMF into BHMF. Further increasing the reaction temperature to 160 ºC, slightly increased the
conversion of 5-HMF to 98.3% but sharply decreased the selectivity towards BHMF formation by
more than 10%. This result could be attributed to the significant increase in the yield of other
byproducts such as 5-MFA, DMF, and 5-MF. According to the obtained results, the temperature
of 150 ºC was chosen to be the optimum reaction temperature for the hydrogenation of 5-HMF to
BHMF.
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Figure 2.8

Effect of reaction temperature on the selectivity of BHMF and conversion of HMF.

The effect of time on the hydrogenation reaction of 5-HMF into BHMF is explained in
figure 2.9. It is clear from the figure that the increasing of reaction time from 3 to 7h had a
significant effect on both BHMF yield and 5-HMF conversion. After 3h reaction time, BHMF
yield was 65% and the conversion of 5-HMF was 70%. Extending the reaction time to 5h
significantly increased the yield of BHMF to more than 92% and conversion of 5-HMF to 98%.
At prolonged reaction time more than 5h, both selectivity towards BHMF formation and 5-HMF
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conversion percentage remained constant. Increasing the reaction time showed a very little effect
on the yield and selectivity of the byproducts. Based on the previous results, 5 h reaction time was
chosen to be the optimum hydrogenation time in this study.
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Figure 2.9

Effect of reaction time on the selectivity of BHMF and conversion of HMF.
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2.4.2.3

Stability and reusability of the catalyst
The stability of the catalyst has an extreme importance to reduce the cost of the selective

hydrogenation process of 5-HMF to BHMF in the large scale production. CuO-Fe3O4/CC catalyst
was recycled five times and tested at the optimum reaction conditions as shown in figure 2.10.
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Figure 2.10

CuO-Fe3O4/CC catalyst reusability.
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4

5

During the five recycling runs, the catalyst has exhibited a unique catalytic reactivity with
a slight loss in its catalytic activity. After five cycles, the conversion of 5-HMF was slightly
decreased by 3.7% and BHMF selectivity by 2.1%. This indicates that there is no leaching on the
catalyst surface active sites was detected during the selective transformation process. To conclude,
the catalyst could be used for five cycles without apparent decrease in its catalytic activity.
2.5

Conclusion
The selective transformation of 5-HMF to BHMF over a magnetically recoverable cost-

effective bimetallic nanocatalyst (CuO-Fe3O4/CC) using ethanol as a hydrogen donor was
successfully developed. The catalyst has exhibited a unique catalytic reactivity for the selective
hydrogenation of 5-HMF. Reaction parameters such as catalyst loading, solvent type, temperature,
and time, have a significant influence on the BHMF yield and 5-HMF conversion. Catalyst
characterization experiments such as XRD, H2-TPR, XPS, TEM, BET, and BJH have proved the
successful preparation of the catalyst. At the optimized reaction condition, about 92.5% selectivity
of BHMF was achieved with 97.5% conversion of 5-HMF using ethanol as the hydrogen donor
with low percentages of byproduct compounds (DMF, 5-MFA and 5-MF). Finally, the prepared
catalyst can be recycled five times without apparent loss of its catalytic activity.
2.6

Supplementary data
GC- MS chromatogram and MS fragmentation for the products produced at the optimum

experimental conditions.
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Figure 2.11

GC-MS chromatogram for the products obtained at the optimum experimental
conditions (0.8 mmole HMF, 100 mg catalyst, 15 mL ethanol, 5h, and 150 °C).

Analysis condition:
Equipment

Hewlett Packard 5971 series mass spectrometer

Column dimension

VF-Xms (30 m × 0.25 mm ID × 0.25 μm)

Initial column temperature

40 °C

Final column temperature

205 °C

Injection/detection temperature

280 °C

Heating rate

5°C /min

Carrier gas

Helium (99.99% purity)
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Figure 2.12

Structures and MS fragmentation for the major products obtained at the optimum
experimental conditions (0.8 mmole HMF, 100 mg catalyst, 15 mL ethanol, 5h, and
150 °C).
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CHAPTER III
CATALYTIC HYDROGENATION AND ETHERIFICATION OF 5HYDROXYMETHYLFURFURAL INTO 2-(ALKOXYMETHYL)-5-METHYLFURAN AND
2,5-BIS(ALKOXYMETHYL)FURAN AS POTENTIAL BIOFUEL ADDITIVES
3.1

Abstract
In this study, 5-hydroxymethylfurfural (5-HMF) was converted into several biodiesel such

as 5-alkoxymethylfurans (AMFs) and 2,5-bis(alkoxymethyl)furans (BAMFs) through two-step
sequential hydrogenation and etherification reactions. In the first step, zinc iron magnetic
nanocatalyst supported on activated carbon (ZnO-Fe3O4/AC) was developed for the selective
hydrogenation of 5-HMF into furfuryl alcohols via Meerwein-Ponndorf-Verley (MPV) reaction in
three different hydrogen donor alcohols (ethanol, 1-propanol, and 1-butanol). XRD, H2-TPR, XPS,
ICP-OES, HRTEM-EDX, and N2 adsorption-desorption isothermal analyses (BET and BJH) were
used to characterize the catalyst. Hydrogenation reaction parameters affecting furfuryl alcohols
selectivity and 5-HMF conversion such as catalyst concentration, temperature, and time were
studied. The best hydrogenation results were obtained with 0.2 mmole 5-HMF and 100 mg of
catalyst at 200 °C for 12h. In the second step, three commercial Brønsted acid catalysts including
Amberlyst 16, Amberlyte IR120, and Dowex 50WX2 were used to convert the hydrogenated
products into 5-alkoxymethylfurans (AMFs) and 2,5-bis(alkoxymethyl)furans (BAMFs)
derivatives. At the optimum etherification conditions (65°C and 10h), a spectrum of mono-, di-,
and tri- ether compounds were obtained. At the end of the two steps, 90% of ethoxymethylfuran,
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86.6% of propoxymethylfuran, and 84% of butoxymethylfuran ether compounds were obtained
with Amberlyst 16, Amberlyte IR120, and Dowex 50WX2 catalysts, respectively. Finally, ZnOFe3O4/AC hydrogenation catalyst was recycled five times without a remarkable reduce in its
catalytic activity.
3.2

Introduction
Utilization of conventional fossil energy such as petroleum, coal, and natural gas leads to

emerge a critical environmental issues like greenhouse effect and the depletion of fossil fuels.
Consequently, researchers have paid more concern on the usage of renewable resources as starting
materials for the production of value added fuels and chemicals. Biomass, which is the only
renewable carbon source on earth, is the most appropriate green source for biofuels and an
alternative for conventional fossil fuels (Besson, Gallezot, & Pinel, 2014; Gilkey & Xu, 2016; X.
Li et al., 2018; Nakagawa, Liu, Tamura, & Tomishige, 2015; Nguyen et al., 2017). 5Hydroxymethylfurfural (5-HMF) is one of the main reaction products (5-HMF, furfural (FF),
levulinic acid (LA), γ-valerolactone, glycerol, sorbitol, xylitol) that obtained from the hydrolysis
of lignocellulosic biomass. 5-HMF valorization processes including etherification (Kraus &
Guney, 2012; H. Li, Saravanamurugan, Yang, & Riisager, 2016), hydrogenation (Perret et al.,
2016; X. Tang et al., 2017), oxidation (Q. Li et al., 2019; Xia, Xu, Hu, An, & Li, 2018; Yi, Teong,
& Zhang, 2016; Zhou et al., 2019), amination (Chen et al., 2018; X. Wang et al., 2018),
condensation (Fan, Verrier, Queneau, & Popowycz, 2019; Lee, Vanderveen, Champagne, &
Jessop, 2016; Malkar, Daly, Hardacre, & Yadav, 2019), isomerization (Deng, Wen, & Zhang,
2019; Fan et al., 2019; S. Zhang et al., 2019) and cyclization reactions (Gomes, Coelho, & Afonso,
2019; Hu, Lin, Wu, Zhou, & Liu, 2017) has a major importance for the development of biorefinery
processes. This is due to its rule as a unique platform molecule to prepare numerous high value
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added energy products such as 2,5-dimethyl furan (DMF), ethyl levulinate (EL), γ-valerolactone
(GVL), 5-(alkoxymethyl)furans (AMFs) and 2,5-bis(alkoxymethyl)furans (BAMFs) (Fan et al.,
2019; X. Li et al., 2018; L. Zhang et al., 2019).
5-HMF ether products can be utilized as a key raw materials in a spectrum of applications
including fuel additives, pharmaceuticals, food additives, pesticides, surfactants, spices, paint
remover, and rubber modifiers, etc. (Arias, Climent, Corma, & Iborra, 2014; Mascal & Nikitin,
2010). In order to test furfuryl alkyl ethers as a biodiesel additive, different blending ratios were
applied in a six-cylinder heavy duty diesel engine and all testes blending ratios show no significant
difference in the engine operation (de Jong, Vijlbrief, Hijkoop, Gruter, & van der Waal, 2012).
Among 5-HMF ether products, 2-(Alkoxymethyl)furan (Paniagua et al., 2017), 2(alkoxymethyl)tetrahydrofuran (AMTHF), and bis(alkoxymethyl)tetrahydrofuran (BAMTHF)
(Stenger-Smith, Baldwin, Chafin, & Goodman, 2016) were also tested as potential biodiesel
candidates.
Taking into consideration the advantages and high value of furfuryl alkyl ethers in multiple
applications, it is quite attractive to study the conversion of lignocellulosic biomass-derived 5HMF into furfuryl alkyl ethers. Till now, the etherification reaction of 5-HMF are usually produce
either the monoether or the dimer derivative (Alipour, Omidvarborna, & Kim, 2017; H. Li,
Saravanamurugan, et al., 2016; J. Wang, Zhang, Jin, & Shen, 2017). In general, preparation of
furfuryl alkyl ethers can be done through three methods. The first method involve halogenation of
furanic alcohols followed by etherification in the presence of aliphatic alcohols, however, this
method is less economic because of using the equivalent halogenated agents (Zanetti, 1927). The
second method involve obtaining 5-ethoxymethylfurfural (EMF) by using chloromethylfurfural as
intermediate in the presence of Brønsted acid catalyst such as Ar-SO3H-SBA-15. Utilizing strong
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Brønsted acid leads to the formation of ethyl levulinate which is considered to be the main
drawback of this method (Morales, Paniagua, Melero, & Iglesias, 2017). The third method, which
is considered the most common method for the production of furfuryl alkyl ethers, involve
immediate etherification of furan alcoholic group with aliphatic alcohols in the presence of acid
catalyst.
To obtain 2,5-bis(alkoxymethyl)furan biodiesel additives, two reaction steps including
hydrogenation of HMF to 2,5-bishydroxymethylfuran (BHMF) followed by etherification of
BHMF with alcohol in the presence of Brønsted acidic catalyst are required. Prior studies indicated
to variety of catalysts such as transition-metal catalysts (Iwanami, Yano, & Oriyama, 2007),
Brønsted acids(Doyle, DeBruyn, & Kooistra, 1972), Lewis acids (Bakos, Gyömöre, Domján, &
Soós, 2017), and thiourea organocatalyst (Sassaman, Surya Prakash, Olah, Donald, & Loker, 1988)
which catalyzed the reductive etherification reaction of furanic alcoholic groups. The challenge
among scientists for the reductive etherification of HMF is getting a high yield of furfuryl ether
derivatives because most of the previous studies have proceeded in low yield due to the formation
of byproducts such as levulinic acid, humin or the reductive homocoupling of the aldehyde
components (Zhao, Sojdak, Myint, & Seidel, 2017). J. Han et al. reported a versatile method for
the production of potential biodiesels (BAMFs) with more than 70% yield by applying two-step
sequential reactions with Ru(OH)x/ZrO2 catalyst and Amberlyst-15 in various alcohol solvents in
the presence of external hydrogen gas (Han et al., 2017) . Balakrishnan et al. used one pot for the
reductive etherification of HMF to 2,5-bis(alkoxymethyl)furan in the presence of PtSn/Al2O3 and
Amberlyst-15 co-catalyst system under hydrogen pressure (Balakrishnan, Sacia, & Bell, 2012).
The group achieved a yield of 64% and 47% of 2,5-bis(ethoxymethyl)furan, and 2,5bis(butoxymethyl)furan by using ethanol and n-butanol, respectively. Gruter et al. tested the
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continuous hydrogenation and etherification of 5-HMF to 2,5-bis(ethoxymethyl)furan achieving
75% yield. Firstly, HMF was hydrogenated to 2,5-bis(hydroxymethyl)furan (BHMF) over Pt/C
catalyst and then etherified to 2,5-bis(ethoxymethyl)furan in ethyl alcohol at 348 K in the absence
of external hydrogen (Gruter, 2012). Mu et al. performed the reductive etherification of 5-HMF
resulting to 70% yield of 2,5-bis(methoxymethyl)furan (BMMF) by applying a two-step method
using Cu/SiO2 and HZSM-5 co-catalyst system (Cao et al., 2014). Li et al. performed the reduction
etherification of 5-HMF to BMMF using Co-400 catalyst at 140 ºC under 2 MP pressure of external
hydrogen achieving 98.5% yield (X. Li et al., 2018). Also, the reductive etherification of 5-HMF
to BMMF was conducted by using solid acid catalysts, such as Sn-Beta and Zr-Beta, through the
Meerwein–Ponndorf–Verley reaction (MPV reaction). During the study, authors figured out that
the appropriate substrate concentration and sufficient numbers of acid–base sites were the two
main factors to obtain high yields of the etherified products (H. Li, Fang, Smith, & Yang, 2016).
Currently, the conversion of HMF into furfuryl ether is generally achieved by using a
catalyst system containing both hydrogenation and acid catalysts. It has been reported that
Meerwein-Ponndorf-Verley transfer hydrogenation (MPV) reduction technique using a sacrificial
alcohols as hydrogen donors, is a promising alternative for the dangerous gaseous hydrogenation
of biomass-derived aldehydes due to its selectivity towards the reduction of carbonyl group to
hydroxyl group (Scholz, Aellig, & Hermans, 2014; Song et al., 2015). Owing to the synergetic
effects resulting from geometric and electronic interactions of two metals, bimetallic catalysts
showed a substantial improvement in the catalytic selectivity, stability, and activity comparing to
the monometallic counterparts in hydrogenation process (Patankar, Dodiya, & Yadav, 2015;
Patankar & Yadav, 2015; Talpade, Tiwari, & Yadav, 2019; W. Tang et al., 2014; Yadav & Lawate,
2013). In addition, introducing iron metal in the bimetallic catalyst produces highly abundant, cost83

effective, superior magnetic material which make it easy to recover from the chemical reaction by
applying an external magnet (Patankar et al., 2015; Patankar & Yadav, 2015; W. Tang et al., 2014;
Tiwari, Gawade, & Yadav, 2017). Considering the attractive properties of magnetic bimetallic
catalysts, iron-zinc oxides bimetallic catalyst was prepared in this study for the transfer
hydrogenation system with three different alcohols. After completing the hydrogenation reaction,
the catalyst was removed by magnet and the etherification reactions were performed by using three
different types of Brønsted acids to produce a range of furfuryl ethers. The magnetically
recoverable bimetallic nano-catalysts (ZnO-Fe3O4/AC) catalyst was characterized by XRD, H2TPR, XPS, ICP-OES, HRTEM-EDX, and N2 adsorption-desorption isothermal analyses (BET and
BJH). The parameters affecting furfuryl alcohols yield, such as solvent type, catalyst loading,
temperature, and time have been optimized.
3.3
3.3.1

Experimental
Materials
Zinc (II) nitrate trihydrate (technical grade, 98%), iron (III) nitrate nonahydrate (ACS

reagent, ≥98%), 5-methylfurfural (MF, 99%), 5-methylfurfuryl alcohol (MFA, 99%), ethanol (200
proof, HPLC/spectroscopic grade), and anhydrous sodium hydroxide (pellets ≥98%) were
purchased from Millipore-Sigma Industrial Corporation. 5-Hydroxymethylfurfural (HMF, 98%),
and 2,5-bishydroxymethylfuran (BHMF, 98% GC) were purchased from AK Scientific. 2,5Dimethyl furan (DMF, 99%), 1-butanol (99+%, for spectroscopy), and amberlite IR120,H resin
were purchased from Acros organics. 1-Propanol (ACS, 99.5+%), and dowex 50WX2 50-100(H)
were obtained from Alfa Aesar. Amberlyst 16 wet was purchased from fluka analytical. Thermo
Scientific E-pure Water purification system was used to produce High purity water (17.8 megohmcm). All chemical reagents were bought and used as-received without further puriﬁcation.
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3.3.2

Preparation of ZnO-Fe3O4/AC catalyst
Precipitation-deposition method was used to fabricate Zn-Fe bimetallic catalyst supported

on activated carbon (AC) directed by the prior study with some modifications (Upare, Hwang, &
Hwang, 2018). Similarly, 1 g of activated carbon was dispersed into 50 mL of deionized water and
sonicated for 30 min at room temperature for obtaining good dispersion. The catalyst metallic
composition created based on the ratio (1:1:2) of zinc, iron, and activated carbon, respectively. A
weight of 7.8 mmole of Zn(NO3)2.6H2O and 9.1 mmole Fe2(NO3)3.9H2O were dispersed in 50
mL water and then sonicated for 10 min. Then, with constant stirring by a mechanical stirrer, zinciron nitrates mixture was gradually poured into the activated carbon dispersion dropwise. Next,
metal nitrates mixture were transformed to metal hydroxides precipitate by using 0.1N NaOH at 0
°

C and the suspension pH was continuous adjusted at 9.5 concurrently. Subsequently, the

suspension was stirred at 20 °C for 1h, then filtered and washed with deionized water repeatedly
until no more sodium hydroxide observed in the filtrate. The precipitate was then dried at 80 °C
overnight using a vacuum oven, then calcined at 550 °C in air for 5h. Eventually, with continuous
flow of a gas mixture of 5% H2 in N2 (50 ml/min), the calcined catalyst was reduced at 300 °C for
5 h.
3.3.3

Characterization of ZnO-Fe3O4/AC catalyst
X-ray diffraction (XRD) patterns were measured with RINT Ultima III XRD (Rigaku

Corp., Japan) operating with CuKα1 radiation (λ= 1.54 Å) at 40KV 44mA. Samples were ground
and recorded on deepened glass sample holders. X-ray photoelectron spectroscopy (XPS)
measurements were performed using a Kratos Axis Ultra X-ray photoelectron spectrometer
(Kratos Analytical, Inc., Manchester, UK) using monochromatic Al Kα radiation (1486.6 eV).
High-resolution spectra were collected with a pass energy of 40 eV from a 0.7 mm x 0.3 area using
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the hybrid (electrostatic and magnetic immersion) lens mode. The powder samples were loaded
for analysis onto double-sided carbon tape. The binding energy scale was referenced to the C 1s
signal at 285.0 eV. ICP-OES analyses were performed on a Perkin-Elmer 7000 DV ICP-OES as
another tool to determine the catalyst surface chemical composition. High resolution transmission
electron microscope equipped with an energy dispersive X-ray spectroscopy (HRTEM-EDX)
images were obtained using JEOL 2100 TEM with LaB6 emitter operated at 200KV. Samples
were ground and dispersed in ethanol and a drop of this suspension deposited on a 300 mesh
Formvar carbon coated Cu grid and allowed to dry overnight before Imaging.
Surface texture measurement were detected using a Quantachrome Autosorb iQ gas
sorption analyzer (Anton-Paar, USA). Catalyst surface areas, pore size distribution, and pore
volumes were measured by adsorption-desorption isotherms of nitrogen at −196 °C. Prior to
undergoing gas adsorption measurements, specimens were degassed at 105 °C under a vacuum for
a period of 3 h. The BET method was applied to measure the surface area of nanoparticles while
BJH method was used to determine the pore size distribution. The total pore volume was calculated
by converting nitrogen gas adsorbed at a relative pressure of 0.99 to the volume of liquid adsorbate
(nitrogen). Hydrogen temperature programmed reductions (H2-TPR) were made using 10% H2 in
Ar and a ramp rate of 10 °C/min. A cold trap maintained at -25 °C was used to get rid of water
from the analysis gas and hydrogen consumption was continuously detected using a thermal
conductivity detector (TCD). Prior to the measurement, the samples (~5 mg) were dried under
helium flow at 140 °C.
3.3.4

Hydrogenation of HMF
All catalytic experiments were proceeded in a 100 mL cylindrical stainless steel reactor

(Parr, USA) connected to an external temperature, pressure, and stirring controllers. HMF (0.2
86

mmol) was hydrogenated by employing a group of (ZnO-Fe3O4/AC) catalyst weights (from 0 mg
to 125 mg), in 15 mL n-alcohol in the pressure reactor. The reactor was sealed and purged with
nitrogen (N2) gas for 1 min, and then the reactor was pressurized with nitrogen gas to 100 psi.
Then, the reactor controller was adjusted at a speed of 500 rpm, and was heated to a known
temperature (from 160°C to 200°C) and time (from 6 h to 14 h). At the end of the reaction, an icewater bath was utilized to cool down the reactor to room temperature, and an external magnet was
applied to separate the catalyst from the reaction mixture.
3.3.5

Etherification of hydrogenation products
Etherification experiments were conducted on the same hydrogenation medium after

removing ZnO-Fe3O4/AC catalyst using an external magnet. Brønsted acid (Amberlyst 16,
Amberlyte IR120, or Dowex 50WX2) was then added to the reaction mixture for etherification
process. All etherification experiments were conducted in a 100 mL cylindrical stainless steel
reactor (Parr, USA) connected with an external temperature sensor, pressure gauge, and stirring
controller. 10 mL of the reaction mixture was mixed with 12.5 mg of the Brønsted acid, then the
reactor was sealed and nitrogen gas was purged through the reactor for 1 min. The reactor was
then pressurized into 100 psi with nitrogen gas and the reactor stirrer was adjusted at of 500 rpm
speed. Etherification reactions were performed at 65 ºC for 10h. At the end of the experiment, the
reaction was terminated by immersing the reactor in ice-water bath. Then, the catalyst was
separated by filtration, and the etherification products were analyzed by GC/MS.
3.3.6

Products Analysis
The concentration of 5-HMF, hydrogenation products (BHMF, DMF, 5-MF ), and

etherification products such as 5-methyl-ethoxymethylfuran (MEMF), 5-ethoxymethylfurfuryl
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alcohol (EMFA), and 5-ethoxymethylfuran-diethoxyacetal (EMFDEA), 5-propoxymethylfurfuryl
alcohol

(PMFA),

2,5-bis(propoxymethyl)furan

(BPMF),

and

5-propoxymethylfuran-

dipropoxyacetal (PMFDPA), 2,5-bis(butoxymethyl)furan (BBMF), 5-butoxymethylfurfuryl
alcohol (BMFA), and 5-methybutoxymethylfuran (MBMF) were determined by using GC-MS
analysis. A Hewlett Packard 5971 series mass spectrometer connected with fused silica capillary
column (VF-Xms, Agilent technologies, Inc.) with dimensions of (30 m × 0.25 mm ID × 0.25 μm
film thickness) was used in this study. The initial column temperature (40 oC) was maintained for
1 min, and then, the column temperature was programed at a heating rate of 5 ºC/min to 205 ºC
and hold at 205 ºC for 1 min. Both injector and detector temperatures were 280 °C and the carrier
gas was Helium of 99.99% purity. The m/z values, which represent the fragment ions of the
compounds, was recorded for each compound. 1 µL of each sample was injected in the column
and the concentration of HMF, BHMF, DMF, 5-MF, and 5-MFA in the mixture were calculated
based on standard calibration curve obtained with standard prepared solutions of them. AMFs, and
BAMFs concentrations were presented in the form of area percent (Area %).
3.3.7

Reusability of hydrogenation catalyst (ZnO-Fe3O4/AC)
At the end of the hydrogenation reaction, an external magnet was applied to separate the

magnetic catalyst from the reaction mixture. Then, a mixture of ethanol and DIW was used several
times to wash the catalyst in order to remove any impurities followed by reducing at 300 C under
hydrogen for 5 h prior to the following cycle. The optimum hydrogenation experimental conditions
were used during catalyst recyclability.
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3.3.8

Calculations
The external standard method was used to measure HMF conversion, and BHMF

selectivity, and were calculated by applying the following equations:

Mole of BHMF in products

Selectivity % = Total moles of (HMF+BHMF+MFA+MF) × 100

Conversion % = (1 −

Mole of HMF in products
Initial mole of HMF

) × 100

(2.3)

(2.4)

Also, equation no. 2.3 was used to quantify HMF, DMF, 5-MF, and 5-MFA by-products.
Furfuryl alkyl ethers concentrations were measured by GC-MS and displayed as area percent (%)
3.4
3.4.1

Results and discussion
Hydrogenation catalyst characterization
XRD spectra shows well defined diffraction peaks of ZnO, Fe3O4, and carbon which were

utilized to measure catalyst crystallinity and the average crystallite size. XRD patterns of fresh and
recycled ZnO-Fe3O4/AC catalyst is shown in figure 3.1. From the figure, a set of prominent
diffraction peaks of ZnO 100, 002, 101, 102, 110, 103, 200, 112, and 201 are detected at 2θ 31.65,
34.65, 37.18, 47.25, 56.45, 63.75, 67.73, 68.43, and 69.68 are shown in a good agreement with
hexagonal structure of zincite phase reported in JCPDS File Card No.05-0664 which confirm the
presence of ZnO in the prepared catalyst.
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Figure 3.1

XRD spectra of the prepared ZnO-Fe3O4/AC catalyst.

In addition, a diffraction peaks of Fe3O4 220, 311, 400, 422, 511, 440 and 522 lattice planes
are observed at 2θ of 30.2°, 35.6°, 43.2°, 53.9°, 57.3°, 62.9° and 74.7° 2θ were attributed to the
cubic spinel unit cell which is matching with the standard magnetite structure data (JCPDS file no.
19-0629) (Yuan, Jiang, Lin, & Liao, 2007) reflecting the existence of Fe3O4 form in the catalyst.
The characteristic diffraction peak of carbon at 2θ of 26.4° was detected in both fresh and recycled
catalyst. From prior mentioned XRD results, the catalyst is composed from a mixture of ZnO,
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Fe3O4, and carbon carrier. The broad diffraction peaks of XRD pattern indicates the significantly
small size of the resulting crystallites. Debye–Scherrer formula (D = 0.94λ / (βcosθ)), where λ the
X-ray wavelength, β the peak width of half-maximum, and θ is the Bragg diffraction angle, was
applied to calculate the ZnO-Fe3O4/AC catalyst particle size. From Debye–Scherrer formula, the
average crystallite size of fresh and used catalyst are 26.4 and 24.5 nm respectively, which means
that the catalyst crystallite was present after five cycles of hydrogenation reaction with a slight
decrease indicating to the stability of the catalyst crystalline structure after hydrogenation reaction
cycles. Moreover, the crystallinity of fresh and recycled catalyst were 73.6% and 70.9%,
respectively, meaning small change in the crystallinity after reuse the catalyst (Holzwarth &
Gibson, 2011).
The distribution and oxidation state of the chemical elements of the prepared catalyst has
been proved by performing high-resolution XPS full elemental survey. XPS analysis revealed that
the catalyst surface consisted of zinc, iron, carbon, and oxygen and no impurities were found as
mentioned on figure 3.2. The binding energy peaks at 1021.4 eV and 1044 eV correspond to the
spin orbit of Zn2+2p3/2 and Zn2+2p1/2, respectively, which indicates the existence of a divalent
oxidation state of ZnO oxide in the prepared catalyst as shown in figures 3.2a, and 3.2b. In addition,
binding energy peaks at 89 eV and 497.8 eV are attributed to the Zn3p and ZnLMM which are
consistent with the existence of Zn as Zinc oxide as presented in figures 3.2c, and 3.2d. Figure
3.2e shows some binding energy peaks at 724.35 eV and 710.81 eV which represent Fe 3+2p1/2
and Fe3+2p3/2, in addition to two Fe3+ satellite peaks at 732.98 eV and 719.33 eV (Yamashita &
Hayes, 2008). Also, Fe3p peak was deconvoluted into the Fe3+ and Fe2+ which present binding
energy peaks at 56.5 eV and 55.7 eV that represent Fe3+3p and Fe2+3p as shown in figure 3.2f.
Carbon binding energy peaks was positioned at 285 eV which attributing to the activated carbon
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in the catalyst as shown in figure 3.2g. Figure 2h is stating the location of O1s peak at the lower
binding energy of 530.8 eV which is assigned to O2 ions in the ZnO bonding of the wurtzite
structure of ZnO (Sankar ganesh et al., 2017).

Figure 3.2

XPS spectra of ZnO-Fe3O4/AC catalyst (a) whole survey scan, (b) Zn2p spectra, (c)
Zn3p spectra, (d) Zn LMM spectra, (e) Fe2p spectra, (f) Fe3p spectra, (g) C1s
spectra, and (h) O1s spectra.
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Figure 3.2 (continued)

In contrast, the peak located at 531.5 eV was associated with O2 ions in cubic spinel unit
cell of Fe3O4. XPS peak areas of O1s, Zn3p, and Fe3p were measured and utilized to detect the
chemical composition of the catalyst which are 63.99% oxygen, 20.76% zinc, and 15.25% iron
lead to a mole ratio of 1.36 (Zn: Fe). ICP-OES analysis provided the elemental composition of the
catalyst as follow: 33.3 wt% Zn, 32.6 wt% Fe, and 0.9 wt% C which gives a mole ratio of 1.02
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(Zn: Fe). Therefore, XPS spectra are consistent with XRD data which confirm that the prepared
catalyst consists of ZnO, Fe3O4, and carbon.
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Figure 3.3

Temperature programing reduction (H2-TPR) curve of ZnO-Fe3O4/AC catalyst.

H2-TPR profile for ZnO-Fe3O4/AC catalyst was conducted to study the reduction behavior
and interactions between H2 and reactive sites in the catalyst. As shown in figure 3.3, H2-TPR
profile is a relation of the response signal of TCD versus reduction temperature. From catalyst
H2-TPR profile, an overlapping reduction peak was observed at temperature range from 350 ºC to
660 ºC.
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Figure 3.4

(a) HRTEM of fresh ZnO-Fe3O4/AC catalyst, (b) EDX of fresh ZnO-Fe3O4/AC
catalyst, (c) HRTEM of recycled ZnO-Fe3O4/AC catalyst, (d) EDX of recycled ZnOFe3O4/AC catalyst, and (e-h) EDX mapping images of recycled ZnO-Fe3O4/AC.

The overlapping reduction peak consists of two reduction peaks at 499 ºC, and 531 ºC
besides two shoulders at 465 ºC, 590 ºC which are attributed to the overlapping between the
reduction peaks of ZnO, and Fe3O4 and traces from Fe2O3. The broad peak was Gaussian fitted to
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four reduction peaks at 465 ºC, 499 ºC, 531 ºC, and 590 ºC. The first reduction peak at 465 ºC
corresponds to reduction of Fe2O3 to Fe3O4 which a little shifted to the higher temperature region
due to the overlapping with ZnO, and Fe3O4 peaks. The subsequent reduction peak at 499 ºC
attributes to reduction of ZnO to Zn(0) (Khan & Smirniotis, 2008; Lv et al., 2013). The following
reduction peak at 531 ºC represents the reduction of Fe3O4 to FeO (Espro, 2017; Khan &
Smirniotis, 2008). Finally, the higher reduction peak observed at 590 ºC could be related to the
reduction of FeO to Fe(0) (Espro, 2017; Khan & Smirniotis, 2008). From the above mentioned H2TPR data, the catalysts consists of zinc and iron oxides.
The Catalyst morphological structure was analyzed by using HRTEM as mentioned in
figure. 3.4. The catalyst elemental analysis was performed by EDX equipped with HRTEM. The
quantitative EDX analysis shows the presence of zinc, iron, and carbon in both fresh and recycled
catalysts which indicate the functionalization of zinc and iron on the surface of the activated
carbon, figures 3.4b, and 3.4d. HRTEM images of both fresh and recycled ZnO-Fe3O4/AC
catalysts clearly confirm the existence of catalyst nanoscale as well as zinc and iron oxides crystals
on the surface of activated carbon core, figures 3.4a, and 3.4c. By scanning to the HRTEM images,
the average diameter of the catalyst nanoparticles is around 25 nm, which is in good agreement
with the XRD data.
The catalyst texture structure including surface area, and pore size distribution was
obtained by nitrogen adsorption-desorption isotherm. The surface area and pore size distribution
for both activated carbon carrier and the catalyst were measured by applying BET, and BJH
methods which are presented in figure 3.5.
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Figure 3.5

Nitrogen adsorption-desorption isotherms at -196 C and the corresponding
average pore size distribution of activated carbon (a), and ZnO-Fe3O4/AC catalyst
(b).
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Figure 3.5 (continued)

As shown in figure 3.5a, the adsorption-desorption isotherm of activated carbon support
material behaved as a typical type IV adsorption isotherm with hysteresis loop which means a
mesoporous structure for the carrier with a surface area 685 m2/g, total pore volume 0.627 cc/g,
and average pore diameter 3.6 nm.
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Scheme 3.1

Proposed reaction mechanism for conversion of 5-HMF to furfuryl alkyl ethers.
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The adsorption-desorption isotherm of ZnO-Fe3O4/AC catalyst shows type III adsorption
isotherm which means a non-porous or macro-porous structure with decreasing the surface area,
pore volume, and average pore size to 7.5 m2/g, 0.12 cc/g, and 35.9 nm, respectively as mentioned
in figure 3.5b. The declining of the surface area and the pore volume is due to the occupation of
the active sites and pores in the surface of activated carbon by zinc and iron oxides which confirm
the successful preparation of ZnO-Fe3O4/AC catalyst.
3.4.2

Proposed reaction mechanism pathways
The proposed reaction mechanism for the conversion of 5-HMF during both hydrogenation

and etherification steps is explained in scheme 3.1. The mechanism explains how 5-HMF
converted to both BHMF and 5-MFA through hydrogen transfer catalytic reduction from the
alcohol in presence of ZnO-Fe3O4/AC magnetic nanocatalyst followed by the etherification
reactions of hydrogenated products by commercial Brønsted acid catalysts forming furfuryl ethers
compounds. Both hydrogenation and etherification products were identified by GC/MS analysis
as shown in the supporting information figures 3.19, 3.20, 3.21, 3.22, 3.23, 3.24, and 3.25.
3.4.3

Effect of catalyst loading on the hydrogenation of HMF
In this study, three different hydrogen donor alcohols including ethanol, 1-propanol, and

1-butanol were investigated to produce a range of hydrogenated furanic intermediates for the
preparation of various furfuryl ethers. As mentioned in prior studies, the type of the hydrogen
donor used has a significant influence on the catalytic transfer hydrogenation reaction of HMF to
BHMF (Hu et al., 2018). The three alcohols used in this study were chosen according to the
previous reports which indicated their high activities as a hydrogen donors(Hu et al., 2018).
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Figure 3.6

Effect of ZnO-Fe3O4/AC catalyst concentration on the hydrogenation of HMF in
ethanol.

All three alcohols showed higher ability in the hydrogen transfer experiments of HMF to
BHMF. Figures 3.6, 3.7, and 3.8 exhibits the effect of ZnO-Fe3O4/AC catalyst loading on the
transfer hydrogenation reaction of HMF in ethanol, 1-propanol, and 1-butanol solvents. Different
amounts of catalyst ranging from 0 mg to 125 mg were applied while the temperature, time, HMF
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concentration, and alcohol amount were kept constant in all experiments. The variation in both
products selectivity and HMF conversion were determined.
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Figure 3.7

Effect of ZnO-Fe3O4/AC catalyst concentration on the hydrogenation of HMF in 1propanol.

When ethanol was applied as hydrogen donor solvent (figure 3.6), 5.8% BHMF selectivity
and 6.6% HMF conversion were obtained at 0% catalyst concentration indicating the importance
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of catalyst for the transfer hydrogenation process. Increasing the amount of catalyst to 25 mg led
to an obvious increase in the total selectivity of hydrogenation products (BHMF and 5-MFA) to
60.5%, HMF conversion to 81.1%, and MF byproduct yield to 19.7%. Although 5-MFA is not the
targeted compound, however, it can be used for the formation of alkoxy ethers in presence of
Brønsted acids. Increasing the amount of catalyst to 100 mg resulted in gradual increase in the
total selectivity of (BHMF and 5-MFA) to 79.9% and HMF conversion to 99.7%. Further increase
in the catalyst load to 125 mg, slightly decreased the total selectivity of (BHMF and 5-MFA) to
79.3%. Therefore, 100 mg catalyst load was considered to be the optimum catalyst concentration
in case of ethanol.
Figure 3.7 shows the effect of catalyst loadings in the hydrogenation products selectivity
and HMF conversion utilizing 1-propanol as hydrogen donor. Similar to ethanol, at 100 mg
catalyst load, the highest total selectivity of hydrogenation products (BHMF and 5-MFA), HMF
conversion, and MF byproduct were 63.0%, 93.4, and 23.7%, respectively. The formation of DMF
as byproduct in this system was also observed, however, DMF is considered to be one of the most
important fuel additives (Zhang, Liu, Yuan, Niu, & Zhu, 2017). Further increase in the catalyst
amount to 125 mg slightly decreased the total selectivity of (BHMF and 5-MFA) to 62.2%. HMF
conversion was slightly increased to 95.41% due to the over hydrogenation of BHMF forming a
number of byproduct compounds such as DMF and MF.
Figure 3.8 shows the effect of catalyst loadings in the hydrogenation products selectivity
and HMF conversion utilizing 1-butanol as hydrogen donor. Similar to the results obtained with
ethanol and 1-propanol, at 100 mg catalyst, the highest selectivity of hydrogenation products
(67.3%) with 90.22% HMF conversion were achieved. As a result, 100 mg catalyst loading was
considered the best catalyst load for 1-propanol and 1-butanol solvents as well.
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3.4.4

Effect of ZnO-Fe3O4/AC catalyst concentration on the hydrogenation of HMF in 1butanol.

Effect of reaction temperature on the hydrogenation of HMF
Previous studies have been reported that time and temperature are the main parameters

affecting the hydrogenation reaction of HMF (Hu et al., 2018). Moreover, formation of the
byproducts such as DMF, and MF are always accompanied with the prolonged reaction time and
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higher temperatures. Therefore, the effect of the hydrogenation reaction temperature on the
products selectivity and HMF conversion was studied in this section.
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Figure 3.9

Effect of reaction temperature on the hydrogenation of HMF in ethanol.

Hydrogenation experiments were performed at fixed catalyst load, time, HMF to alcohol
ratio, and various reaction temperatures ranging from 160 C to 200 C. The effect of reaction
temperature on the selectivity of the major hydrogenation products (BHMF and 5-MFA), and HMF
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conversion in ethanol, 1-propanol, and 1-butanol are shown in figures 3.9, 3.10, and 3.11. In case
of ethanol solvent, figure 3.9, it was found that the lowest reaction temperature (160 ºC) favors the
formation of BHMF as major hydrogenation product with selectivity 21.8%.
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Figure 3.10

Effect of reaction temperature on the hydrogenation of HMF in 1-propanol.

Elevating the reaction temperature from 170°C to 200°C led to the formation of 5-MFA as
another hydrogenation product. The selectivity of hydrogenation products (BHMF and 5-MFA),
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and MF byproduct at 200°C were increased to (79.9%, 19.7%, respectively). Also, HMF
conversion was gradually increased from 27.7% at 160 °C to 93.1% at 200 °C. The above results
clearly indicates that the higher reaction temperature has a substantial effect on the products
selectivity and HMF conversion.
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Figure 3.11

Effect of reaction temperature on the hydrogenation of HMF in 1-butanol.
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Figures 3.10, and 3.11 show a similar trend for the effect of temperature on the
hydrogenation process with 1-propanol and 1-butanol solvents. The highest selectivity of
hydrogenation products, byproducts, and HMF conversion were also observed at 200 °C.
Accordingly, it was concluded in this study that 200 ºC was the optimum hydrogenation reaction
temperature for this system.
3.4.5

Effect of reaction time on the hydrogenation of HMF
Figures 3.12, 3.13, and 3.14 present the effect of reaction time on the hydrogenation

reaction of HMF with different alcohols (ethanol, 1-propanol, and 1-butanol). It is very clear from
the figure that the hydrogenation process proceeds with a very similar selectivity and HMF
conversion trends in all alcohols used. Increasing the reaction time from 6h to 14h had a significant
effect on both selectivity and HMF conversion. After 6h reaction time, both selectivity and HMF
conversion values were extremely low with all alcohols indicating not enough time to achieve
complete hydrogenation process. The selectivity towards the major hydrogenation products which
has the ability to form ethers with Brønsted acids (BHMF and 5-MFA) were 39.4% with ethanol,
33.9% with 1-propanol, and 24.2 with1-butanol solvent (figures 3.12, 3.13, and 3.14).
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Figure 3.12

Effect of reaction time on the hydrogenation of HMF in ethanol.

Similarly, HMF conversion to all hydrogenation products (BHMF, MFA, and MF) was
also low with all alcohols (46.9% with ethanol, 39.0% with 1-propanol, and 34.6% with 1-butanol).
Expanding the reaction time till 12h led to a remarkable increase in both selectivity and HMF
conversion. The selectivity towards (BHMF and 5-MFA) were 80.0% with ethanol, 62.9% with 1propanol, and 67.2% with 1-butanol solvent. Lower selectivity in case of 1-propanol due to the
formation of DMF (6.5%). Also, HMF conversion reached maximum (99.7% with ethanol, 93.2%
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with 1-propanol, and 90.3% with 1-butanol) after 12h. In case of 1-propanol and 1-butanol
solvents, further increase in the reaction time till 14h slightly increased HMF conversion due to
over hydrogenation of BHMF to form MF byproducts. Therefore, it is not desirable to extend the
reaction time over 12h. Based on the above results, it was concluded that 12h is the optimum
hydrogenation time for the subsequent etherification experiments.
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Figure 3.13

Effect of reaction time on the hydrogenation of HMF in 1-propanol.
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3.4.6

Effect of reaction time on the hydrogenation of HMF in 1-butanol.

Etherification of hydrogenation products to biofuel additives
Figure 3.15 displays the etherification products in ethanol using Amberlyst 16, Amberlyte

IR120, and Dowex 50WX2 Brønsted acids. Besides the targeted biofuel component of 2,5bisethoxymethylfuran (BEMF), other products which could be considered as potential biofuel
additives such as 5-methyl-ethoxymethylfuran (MEMF), 5-ethoxymethylfurfuryl alcohol
(EMFA), and 5-ethoxymethylfuran-diethoxyacetal (EMFDEA) were also obtained. Etherification
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with Amberlyst 16 as acid catalyst produced 64.8% of BEMF, 17.8% of EMFA, and 7.4% of
MEMF in addition to 10% byproducts such as 8.6% MF, and 1.6% 5-ethoxymethylfurfural (EMF).
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Figure 3.15

Etherification products obtained from the hydrogenated HMF in ethanol.

When Amberlyte IR120 was used as catalyst, the percentage of BEMF and MEMF were
slightly decreased to 60.1%, and 7%, respectively. On the other hand, the percentages of EMFA
and byproducts were increased to 19.4% and 9.6%, respectively. The behavior of Dowex 50WX2
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as Brønsted acid catalyst was different than Amberlyst 16 and Amberlyte IR120. Applying Dowex
50WX2 produced 18% of the high molecular weight biofuel component (EMFDEA), in addition
to 61.8% of BEMF, 4.1% of MEMF, and 6.1% of MF. The total biofuel components produced
after using Amberlyst 16, Amberlyte IR120, and Dowex 50WX2 Brønsted acids in ethanol were
90.0%, 86.6%, and 84.0%, respectively.
When 1- propanol was used as solvent, a new series of higher molecular weight ethers
where produced after etherification step. 5-propoxymethylfurfuryl alcohol (PMFA) monoether,
2,5-bispropoxymethylfuran

(BPMF)

diether,

and

5-propoxymethylfuran-dipropoxyacetal

(PMFDPA) triether were produced with all tested Brønsted acids as presented in figure 3.16.
Etherification using Amberlyst 16 catalyst produced 53.5% of BPMF, 15.5% of PMFA, 3.2% of
PMFDPA, 7.4% of 5-methyl-propoxymethylfuran (MPMF), 15.5% of MF, and 7% of 5propoxymethylfurfural (PMF). The percentages of both MF and PMFA byproducts increased to
17% and 19.2% when Amberlyte IR120 was used as Brønsted acid catalyst. The increase in the
amount of byproducts with Amberlyte IR120 was accompanied with a decrease in the amount of
BPMF diether to 46.6% and PMFDPA triether to 2.1%. When Dowex 50WX2 was used as
catalyst, the percentage of BPMF, PMFDPA, and unknown compounds were increased to 49.2%,
8%, and 12.9%, respectively. On the other hand, the percentage of PMFA, MPMF, PMF, and MF
were decreased to 7.4%, 3.8%, 7.2%, and 11.4%, respectively. The total etherified products
produced with 1-propanol solvent was 77.4% with Amberlyst 16 catalyst, 73.6% with Amberlyte
IR120, and 68.4% with Dowex 50WX2 catalyst.
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Etherification products obtained from the hydrogenated HMF in 1-propanol.

The highest molecular weight etherified products were produced with 1-butanol solvent
are displayed in figure 3.17. Amberlyst 16 formed 54.3% of bisbutoxymethylfuran (BBMF),
14.1% of butoxymethylfurfuryl alcohol (BMFA), and 9.18% of 5-methybutoxymethylfuran
(MBMF) along with 6.48% of MF, and 15.85% of unknown products.
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Etherification products obtained from the hydrogenated HMF in 1-butanol.

The percentage of BMFA, MBMF, and the unknown products were increased to 15.0%,
10.5%, and 23.3%, respectively. On contrary, the percentage of both BBMF and MF were
decreased to 45.57%, and 5.59%, respectively. By examining Dowex 50WX2 as catalyst, the
percentages of both BBMF and the unknown products were increased to 53.2% and 27.7%, while
BMFA, MBMF, and MF percentages were reduced to 4.3%, 7.7%, and 7.0%, respectively. The
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total etherified products produced with 1-butanol solvent was 77.7% with Amberlyst 16 catalyst,
71.1% with Amberlyte IR120, and 65.3% with Dowex 50WX2 catalyst.
3.4.7

Hydrogenation catalyst recyclability
Stability of catalyst has a great effect in reducing the cost of HMF conversion to biofuel

additives in large scale production. As a result of using commercial catalysts in the etherification
step, the stability of the hydrogenation catalyst (ZnO-Fe3O4/AC) was studied and the reusability
results are shown in figure 3.18. 1-propanol was chosen as solvent to test the catalyst recyclability
through five recycling tests at the optimum hydrogenation conditions. Twenty five percent of the
optimum catalyst load (25 mg) was used in this study to be sure that there is no excessive catalyst
compared with the amount of HMF. Through five recycling runs, the catalyst retained its unique
catalytic reactivity as the selectivity towards BHMF was slightly decreased from 43.7% to 42.5%,
and the conversion of HMF was also slightly decreased 67.9% to 64.1%. These results indicating
clearly that the leaching of the catalyst surface active sites was minimum during the selective
hydrogenation of HMF to BHMF. Finally, the catalyst could be used for five cycles without
apparent decrease in its catalytic activity.
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3.5

ZnO-Fe3O4/AC catalyst reusability.

Conclusion
Two-step sequential reaction process including hydrogenation followed by etherification

were developed to produce a spectrum of 5-alkoxymethylfurans (AMFs) and 2,5bis(alkoxymethyl)furans (BAMFs) from HMF. A magnetically recoverable cost-effective
bimetallic nanocatalyst (ZnO-Fe3O4/AC) was prepared and used for the hydrogenation step in
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three hydrogen donor alcohols. Etherification step was performed by using different Brønsted acid
catalysts such as Amberlyst 16, Amberlyte IR120, and Dowex 50WX2. Hydrogenation reaction
parameters such as catalyst load, temperature, and time significantly affected the selectivity of the
hydrogenation products and HMF conversion. Characterization of the hydrogenation catalyst
using XRD, H2-TPR, XPS, ICP-OES, HRTEM-EDX, BET, and BJH confirmed its successful
preparation. At the optimum conditions of hydrogenation step, the selectivity towards (BHMF and
5-MFA) were 80.0% with ethanol, 62.9% with 1-propanol, and 67.2% with 1-butanol. Also, HMF
conversion was 99.7% with ethanol, 93.2% with 1-propanol, and 90.3% with 1-butanol. Over the
etherification step, the highest biofuel yields were achieved with ethanol solvent using Amberlyst
16, Amberlyte IR120, and Dowex 50WX2 Brønsted acids were 90.0%, 86.6%, and 84.0%,
respectively. The highest molecular weight etherified products were obtained with 1-propanol and
1-butanol solvents. The prepared hydrogenation catalyst (ZnO-Fe3O4/AC) could be recycled for
five times without an obvious loss in its catalytic activity.
3.6

Supplementary data
GC- MS chromatogram and MS fragmentation for both hydrogenation and etherification

products obtained at the optimum experimental conditions.
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Figure 3.19

GC-MS chromatogram for the hydrogenation products obtained at the optimum
experimental conditions (0.8 mmole HMF, 100 mg catalyst, 15 mL alcohol, 5h, and
150 °C).

Analysis condition:
Equipment

Hewlett Packard 5971 series mass spectrometer

Column dimension

VF-Xms (30 m × 0.25 mm ID × 0.25 μm)

Initial column temperature

40 °C

Final column temperature

205 °C

Injection/detection temperature

280 °C

Heating rate

5°C /min

Carrier gas

Helium (99.99% purity)
119

Figure 3.20

GC-MS chromatogram for the etherification products obtained with ethanol at the
optimum experimental conditions (0.2 mmole HMF, 100 mg catalyst, 15 mL
ethanol, 12h, and 200 °C).

Analysis condition:
Equipment

Hewlett Packard 5971 series mass spectrometer

Column dimension

VF-Xms (30 m × 0.25 mm ID × 0.25 μm)

Initial column temperature

40 °C

Final column temperature

205 °C

Injection/detection temperature

280 °C

Heating rate

5°C /min

Carrier gas

Helium (99.99% purity)
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Figure 3.21

Structures and Mass fragmentation for the major etherification products in ethanol
solvent.
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Figure 3.22

GC-MS chromatogram for the etherification products obtained with 1-propanol at
the optimum experimental conditions (0.2 mmole HMF, 100 mg catalyst, 15 mL
ethanol, 12h, and 200 °C).

Analysis condition:
Equipment

Hewlett Packard 5971 series mass spectrometer

Column dimension

VF-Xms (30 m × 0.25 mm ID × 0.25 μm)

Initial column temperature

40 °C

Final column temperature

205 °C

Injection/detection temperature

280 °C

Heating rate

5°C /min

Carrier gas

Helium (99.99% purity)
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Figure 3.23

Structures and Mass fragmentation for the major etherification products in 1propanol solvent.
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Figure 3.24

GC-MS chromatogram for the etherification products obtained with 1-butanol at the
optimum experimental conditions (0.2 mmole HMF, 100 mg catalyst, 15 mL
ethanol, 12h, and 200 °C).

Analysis condition:
Equipment

Hewlett Packard 5971 series mass spectrometer

Column dimension

VF-Xms (30 m × 0.25 mm ID × 0.25 μm)

Initial column temperature

40 °C

Final column temperature

205 °C

Injection/detection temperature

280 °C

Heating rate

5°C /min

Carrier gas

Helium (99.99% purity)
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Figure 3.25

Structures and Mass fragmentation for the major etherification products in 1-butanol
solvent.
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